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Abstract 
Micro drilling has been applied in the interconnection and precision manufacturing 
industries extensively. As a promising machining technique, Ultrasonically Assisted 
Drilling (UAD) has become increasingly popular in both academia and industry in 
recent years. In this thesis, modelling techniques and experiments for Ultrasonically 
Assisted Micro Drilling (UAMD) are investigated. 
Representative work on modelling of micro drills and UAD has been documented and 
categorised. Existing gaps in the literature are identified and the aims of this research 
are formulated. Using the Finite Element (FE) technique, a hybrid model is developed 
to realise modelling for the whole drill bit without compromising the computation 
efficiency, even when the drill has a complicated geometry (small diameter flute, 
multiple step shanks, etc). A specific drill model (Φ0.3 mm diameter, 2 step shanks) 
is chosen for a case study in order to evaluate the model. The hybrid tool shows 
sufficiently accurate results and impressive computation efficiency in the evaluation. 
For vibration modelling, force modelling and experimental work, a standard Φ1 mm 
drill with 1 step shank is used across the chapters. First of all, FE analysis is 
conducted on the whole drill and normal modes are solved with boundary condition as 
fixed – simply supported. A 2 Degree-of-Freedom (DOF) model is then built 
considering rotation and the ultrasonic excitation to solve the transverse vibration 
with boundary conditions consistent with the FE model. The asymmetric geometric 
characteristics of the drill bit are taken account of through using the first two 
fundamental modes in the FE model. Potential parametric resonances are discussed in 
the numerical simulation. Other vibration characteristics are also discussed with 
varying parameters such as ultrasonic frequency, ultrasonic amplitude and rotational 
speed.  
In order to extend the vibration model, a nonlinear thrust force model has been 
developed for incorporation into the 2 DOF model. The force model considers 
ultrasonic parameters, feed rate, material properties and the nonlinearity of the 
UAMD process. Force reduction during the UAMD process is explained qualitatively 
with the model and a full range of feed rates have been simulated to study their effect 
on the force reduction. The limitations of this model have also been explained.  
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A high speed UAMD system was designed to examine the effects of key parameters. 
Experiments with different ultrasonic frequencies, amplitudes and rotational speeds 
were conducted and the influences of these parameters on thrust force were 
investigated. With the thrust force data from these experiments, a correlation study to 
the simulation results based on the force model is carried out. The study identifies the 
limitations on the current one dimensional force model and leads to recommendations 
for the further development of the force model. 
Further work is identified for both modelling and experiments, and the present models 
can be expanded to suit the research and development of UAMD techniques. 
 
Keywords: 
Ultrasonically assisted micro drilling, Finite element analysis, Vibration modelling, 
Force modelling, Drilling experiment  
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1 Introduction 
This chapter introduces the background and aims of the research, and gives an 
overview of the work. It comprises three sections: Section 1.1 briefly introduces 
micro drilling and the ultrasonically assisted drilling technique; Section 1.2 
formulates the aims of the investigation and articulates the contributions of the thesis 
to knowledge; Section 1.3 outlines this thesis. 
1.1 Micro Drilling and Ultrasonically Assisted Drilling 
1.1.1 Micro Drilling Technology 
Micro drilling refers to the drilling of super small holes, and the aspect ratio of the 
drill bits, i.e. a ratio of length to diameter, is normally larger than 10 (Chyan and 
Ehmann 1998). There are various sizes, geometries and materials of micro drills to 
meet the increasing requirements from industry including areas such as Printed 
Circuited Board (PCB) manufacture, Micro Electro Mechanical Systems (MEMS), 
watch and camera parts and medical devices. In PCB manufacturing, generally 
speaking, micro drills are employed to manufacture small holes to enable electrical 
interconnections between layers of the boards, thus the quality of the holes is 
significant for the performance and reliability of the electronic products, especially in 
some harsh environments (Whalley and Chambers 1992). Despite the development of 
other drilling techniques (e.g. laser drilling), mechanical micro drilling still dominates 
the existing market for many types of drilling (Fu et al. 2007). However, there are 
increasingly higher requirements on drilling accuracy, efficiency and strength of the 
micro drills due to the development of high-density interconnection technologies (Fu 
et al. 2007).  
Some samples of micro drills with various diameters are shown in Figure 1.1. With 
the development of the industry, the demand for micro drilling productivity and 
quality is increasing rapidly nowadays (Endo and Marui 2006, Jeswani 1979). 
Unfortunately, since micro drill bits are much more slender than conventional drill 
bits, they tend to be more easily broken during the drilling process. Factors such as 
high speed rotation, high feed rate, longitudinal and torsional vibration all have 
influences on the vibration behaviour of the drills and finish of the holes, and they 
need to be considered properly when investigating modelling of micro drill bits.  
  
  
  
 
2 
 
 
Figure 1.1: Examples of micro drills with different diameters 
 
Micro Drills Geometry 
For micro drills, there basically exist two main differences from conventional drills. 
Firstly, the ratio of flute length over diameter is larger, which reduces the stiffness of 
the drill. Secondly, the ratio of web thickness (as shown in Figure 1.2) over diameter 
is larger and this is designed to increase the bending stiffness (Gong 2001). This 
implies that, unlike conventional drills, bending stiffness is more significant for micro 
drills. External loads such as feed force (thrust force), are very influential for bending 
stability and drill breakage is more prone to occur due to the low diameters. A 
description of the geometry of a generic micro drill is shown in Figure 1.2. Important 
geometric parameters such as diameter and flute length require careful selection prior 
to micro drilling application.   
 
Figure 1.2: Geometry of a generic micro drill bit 
Adapted from (HPTec GmbH 2006) 
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There are various types of micro drills for different applications. Take PCB drills for 
example, a few types of PCB drills are shown in Table 1.1. In the industry, 38.1 mm 
total length and 3.175 mm diameter shank are standard requirements according to the 
international standard (IPC-DR-570A 1994).  
Table 1.1: Different types of PCB micro drills 
Adapted from (HPTec GmbH 2006) 
Drill type Diameter range (mm) Picture 
Multilayer drill 0.20~0.65 
 
Spade type drill 0.25~2.00 
 
Slot drill 0.50~2.50 
 
Flex-drill 0.15~0.50 
 
Standard drill 0.30~6.35 
 
Micro-Via drill 0.12~0.40 
 
Ultra micro drill 0.05~0.15 
 
There are also micro drills for other applications. A High Speed Steel (HSS) Ti tip 
coated stub drill (0.5 mm diameter) is shown in Figure 1.3. Compared with standard 
stub drills, such drills have a substantial improvement in productivity and tool life 
especially due to the Titanium Nitride coating. Its versatile application covers a range 
from hand-held applications to Computer Numerical Control (CNC) machining 
(Dormer Tools 2007). 
 
 
 
Figure 1.3: A HSS Ti tip coated stub drill 
Reproduced from (Dormer Tools 2007) 
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Cutting Mechanism of Drilling  
For a generic twist drill, the mechanism of drilling is shown in Figure 1.4. Thrust 
force increases dramatically from the outer corner to the centre of a chisel edge while 
cutting efficiency decreases due to the change of the rake angle (α). D is the diameter 
of the flute. 
 
Figure 1.4: Cutting mechanism of Conventional Drilling (CD)  
Reproduced from (DeGarmo et al. 2003) 
For micro drilling, the operating parameters are considerably different due to the 
downsizing of the cutting tool. Generally micro drilling has much higher spindle 
speeds and feed rates, particularly in PCB industry. A typical layout of micro drilling 
in PCB manufacturing is illustrated in Figure 1.5. As shown, entry material is usually 
used to aid positioning accuracy and reduce entry burrs whilst backup material is used 
to eliminate exit burrs and protect the machine table. In order to increase productivity, 
multiple boards are usually put together as a stack, which requires higher stiffness of 
the drill and makes micro drilling more challenging. Contemporary spindles are 
usually fitted with air bearings and normally higher rotational speeds are chosen for 
lower diameter drills. This is due to the fact that chip load reduces with increasing 
spindle speed. The pressure foot is used to compress the PCB stack, as shown in 
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Figure 1.5. Extraction is required to draw off chips and drilling swarf. This is in order 
to avoid drill deviation and breakage. For other types of drills, cutting mechanisms are 
dependent on geometry and operating conditions.  
 
Figure 1.5: A typical layout of micro drilling in PCB manufacturing process 
Reproduced from (HPTec GmbH 2006) 
Normally no coolant is used in PCB micro drilling processes. One of the reasons is 
that using coolant makes it difficult to clean the dust which can be easy to vacuum up 
otherwise after drilling. However, in other applications of micro drilling, especially in 
metal drilling, coolant is still necessary due to the considerable heat generated.  
During PCB manufacture, a typical chip ball formed when drilling flexible boards is 
shown in Figure 1.6. It is formed due to heat development and limited space for chip 
transportation. 
 
Figure 1.6: Frequently formed chip ball when drilling flexible boards 
Reproduced from (HPTec GmbH 2006) 
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Micro Drill Material and Cutting Material 
Usually, material of drill bits is required to have several attributes such as high wear 
resistance, rigidity and hot hardness. HSS and Tungsten Carbide (WC) are the most 
common materials used for drill manufacture nowadays (Armarego 1994, Boothroyd 
and Knight 1989). 
 
HSS is more commonly used in the manufacturing industry since it is relatively 
inexpensive and tough, yet it has several limitations such as poor wear resistance and 
hot hardness. On the other hand, WC, though expensive and brittle, has higher wear 
resistance and hot hardness. Most of the current micro drill bits are made of WC due 
to the significance of tool wear.  
 
Carbide refers to alloys which are made of powder metallurgy methods from metallic 
hard materials and from the ductile material of the iron group, i.e. binder metals. 
Cobalt, within the range of 6-15% by mass, is used as a beneficial binder metal. To 
improve the alloys’ hardness, compressive strength, flexible strength, Young’s 
modulus and so on, a number of new developments were achieved. Two significant 
ones are the micro grain and ultra-micro grain alloys with WC grain sizes of ≤0.6 µm 
and ≤0.4 µm, as used in PCB industry, whilst conventional and standard WC carbides 
have an average grain size of 1.6 µm (HPTec GmbH 2006). A visualized comparison 
of the three is shown in Figure 1.7.  
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WC for standard carbide WC for micro grain carbide 
 
WC for ultra-micro grain 
Figure 1.7: WC based material for carbides with varying grain sizes 
Reproduced from (HPTec GmbH 2006) 
Unlike conventional carbides, which are known to have a tradeoff between hardness 
and flexural strength, WC with decreasing grain sizes leads to an increase in both. 
This is shown in Figure 1.8 with other properties for various carbides (Ultra-
Micrograin, Micrograin and Standard). An overview of applications of different 
carbides in drills is shown in Table 1.2. 
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Figure 1.8: Characteristics of various carbides 
Reproduced from (HPTec GmbH 2006) 
 
Table 1.2: Overview of different types of carbides and their applications 
Adapted from (HPTec GmbH 2006) 
 Drills 
Nominal diameter ≤ 0.45 mm 0.5 - 3.175mm 
Carbide Ultra-micro grain micro grain 
WC content (%) ~ 91.5 ~ 93 
Cobalt content (%) ~ 7.5 ~ 6 
Additional carbide (%) ~ 1 ~ 1 
Hardness HV 30 > 1800 > 1800 
 
The material to be cut varies in different applications. For PCB drilling, some of the 
common materials are standard FR4 (Flame Retardant, a designation for fibreglass 
reinforced epoxy laminates that are most widely used as base insulators and mounting 
structures for PCBs), Teflon materials, flex boards, etc. An example of a board, which 
is double-sided, with through-hole plating, green solder resist, and white silkscreen 
printing, is shown in Figure 1.9. In other applications, bones, metals, etc. are drilled. 
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Figure 1.9: Layout of a typical PCB 
Reproduced from (Wikipedia 2010) 
 
Problems in Micro Drilling 
There are various problems in micro drilling and many of them are related to each 
other. In this study, two representative problems: force increase and wandering 
motion of the drill are focused upon. Due to the large aspect ratio and small size of the 
drill, chip transportation is more difficult for micro drilling, which leads to increasing 
friction between the flute and the workpiece. The friction may cause increasing thrust 
force, smear and subsequently tool wear via the heat generated. During the initial 
stages of micro drilling, wandering of the drill bit is likely to occur due to a small 
axial force as there is not enough damping between the drill and workpiece to 
stabilize the drill’s lateral motion (Cheong et al. 1999). Besides, low stiffness of the 
micro drill can also lead to the onset of the wandering motion when the drill is loaded 
laterally. This can be illustrated by the pronounced fluctuation of the torque shown in 
Figure 1.10. It is required that the initial stage of micro drilling should be replaced by 
stable drilling as soon as possible in order to suppress the wandering motion. 
Consequently, the current research concerns the wandering motion (transverse 
vibration) in the initial drilling stage and thrust force improvement with Ultrasonic 
Assistance (UA) in micro drilling application. 
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Figure 1.10: Torque variation during wandering motion (Spindle frequency – 750 Hz, 
feed rate – 0.18 mm/s, diameter – 0.9 mm) 
Reproduced from (Cheong et al. 1999) 
It is noted that there exist many other problems in micro drilling: e.g. breakage, chip 
jams, hole inaccuracy, smear of resin and so forth. However, most of them are related 
to the two main problems mentioned above. Some problems could be solved by 
adjusting operating parameters or even changing tools (HPTec GmbH 2006). 
Nevertheless, some problems are difficult to solve due to the limitation of current drill 
bit materials and drilling mechanisms. In order to optimise the drilling process and 
solve the problems as thoroughly as possible it is necessary to study the drilling 
process and investigate the possibility of implementing Ultrasonically Assisted Micro 
Drilling (UAMD) to improve the micro drills’ performance.  
 
Stability and Accuracy Requirement 
In order to maintain accuracy and avoid high risk of drill breakage, machining 
stability is the primary requirement for micro drilling. To achieve high stability, it is 
vital to assure both low spindle runout and low drill runout. Air bearing technology 
has improved spindle runout even at very high rotational speeds. For micro drilling, 
particularly for PCB drilling, it is a mandatory requirement that the static runout must 
be less than 0.0002˝ (0.00508 mm) and the dynamic runout must be less than 0.001˝ 
(0.0254 mm) (Wile 1989).  Nowadays, with air spindle technology which is 
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inherently accurate in rotation by the manufacturing construction, less than 10 
microns radial dynamic runout can even be achieved (Westwind Air Bearings 2007). 
For example of CPD-6600 (Figure 1.11), a PCB drilling machine by Tong-Tai Seiki 
USA with the maximum spindle speed as 125 krpm, positioning accuracy is ±0.005 
mm and drilling accuracy is ±0.018 mm. 
 
Figure 1.11: CPD-6600 by Tong-Tai Seiki USA  
Reproduced from (Tong-Tai Seiki USA 2004) 
 
An illustration of a micro drill’s positional deviation is shown in Figure 1.12. As 
shown, the largest deviation always occurs at the bottom of the stack. Drill deflection, 
drill grinding error, drill installation error and spindle runout will all have a 
considerable impact on hole finish and hole accuracy. Sometimes, peck drilling will 
be implemented in order to improve hole quality for difficult materials such as Invar 
copper. It consists of a sequence of entering the substrate to a prescribed depth and 
retracting and re-entering the same hole to an increased increment, and retracting and 
so on until the material is penetrated. This technique can allow the drill bit to 
reposition, clear debris and cool, subsequently improving the drilling accuracy. 
However, it usually leads to low productivity (Cheong et al. 1999). 
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Entry material
Backup material
PCB stack
 
Figure 1.12: Illustration of a micro drill’s positional deviation 
Adapted from (HPTec GmbH 2006) 
 
Stiffness/Buckling Load 
Buckling load refers to the load at which a failure mode occurs due to high 
compressive stress, where the actual compressive stress at the failure point is less than 
the ultimate compressive stress the material can withstand. Considering the 
slenderness of a micro drill, its relative bending stiffness is much lower than that of 
conventional drills. This leads to a reduced buckling load (i.e. lower elastic instability 
limit) in the drill bit. The nominal static buckling load of a Φ0.3 mm micro drill (6.35 
mm long for the flute) is about 6 N and this load decreases dramatically with 
increasing rotational speed (Gong 2001, Chen 2007) (The details of this will be 
explained in 2.2.1). Apart from the rotational speed, stiffness and buckling load of the 
micro drill are also sensitive to other parameters such as feed rate and helix angle.  
Currently, high speed spindles employed in the PCB industry are mainly air spindles, 
which contain air bearings and air collets. Air bearings provide noncontact support for 
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the rotor and allow the drill bit to rotate at very high speeds, which gives more 
challenges in terms of micro drill buckling loads.  
 
Laser Drilling  
Apart from mechanical drilling, laser drilling is also a common hole-manufacturing 
method in PCB fabrication. Various lasers such as Excimer laser, YAG laser and CO2 
laser are used in the drilling practice. Different lasers have different wavelengths 
which lead to different applications. Laser drilling is mainly used in micro via drilling 
and is not suitable for mass production processing of through holes currently. 
Mechanical drilling is still the most popular method in through hole processing as it 
possesses advantages such as being relatively independent of the material, that blind 
and through holes are possible, a large diameter/depth ratio is possible, and so forth 
(Fu et al. 2007, HPTec GmbH 2006) (Cheong et al. 1999). 
 
1.1.2 Ultrasonically Assisted Drilling (UAD)  
As a promising cutting technique, UAD is drawing more and more attention across 
the world due to its superior characteristics (Adithan 1981, Adithan and 
Krishnamurthi 1978, Astashev and Babitsky 2007, Azarhoushang and Akbari 2007, 
Bao et al. 2003, Brehl and Dow 2008, Chern and Liang 2007, Deng et al. 1993, Ma et 
al. 2004, Neugebauer and Stoll 2004, Takeyama and Kato 1991, Thomas 2008, Zhang 
et al. 1991). Unlike conventional ultrasonic machining, the UAD process considered 
here uses no abrasive slurry or particles. In most cases, it uses a transducer 
(longitudinal transducer or torsional transducer) to generate high frequency vibration 
in the drill bit in order to improve the drilling process, as shown in Figure 1.13. 
Sometimes workpieces are vibrated via ultrasonic assistance instead of the cutting 
tool, as shown in Figure 1.14. By both means the effective friction between the 
cutting tool and workpiece is modified drastically, and usually, thrust force and torque 
see considerable reductions compared with conventional drilling. Apart from this, the 
main potential advantages of UAD are longer tool life and better surface quality and 
roundness.  
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Figure 1.13: Applying ultrasonic vibration directly to a drill bit 
Reproduced from (Thomas 2008) 
 
Figure 1.14: Applying vibration to a workpiece 
Reproduced from (Chern and Lee 2006) 
In industry, most manufacturers (particularly PCB manufacturers) are still using 
conventional drilling techniques. So far, Fuji is the only manufacturer developing and 
commercializing ultrasonic transducers for conventional drills, and diameters of the 
drills range from Φ0.3 mm to 6 mm (Fuji Ultrasonic Engineering Co., Ltd. 2006). An 
example of a drill type vibration unit and its specifications are shown in Figure 1.15 
and Table 1.3 respectively. It is claimed that the drill type can eliminate burrs and 
prolong the tool life to a certain extent (Fuji Ultrasonic Engineering Co., Ltd. 2006). 
UAD has already shown its remarkable potential in its application. However, the 
dynamic issues in the technique required investigation for its further application. 
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Figure 1.15: Ultrasonic vibration application example – Fuji UAD tool 
Reproduced from (Fuji Ultrasonic Engineering Co., Ltd. 2006)  
 
Table 1.3: Specifications of the vibration units 
Adapted from (Fuji Ultrasonic Engineering Co., Ltd. 2006)  
Vibration mode Torsional vibration 
Power Max. 300 W 
Frequency 27 kHz 
Amplitude Depends on tool used 
Applied Drill Less than 6 mm diameter 
1.1.3 Application of Ultrasonic Vibration in Micro Machining 
Force reduction, which is one of the primary advantages in the UAD technique, is a 
potential solution to breakage and instability of micro drills. Chip jams can also be 
reduced as the high frequency vibration can assist transportation of the chips. Based 
on previous experimental studies, it has been shown that ultrasonic vibration can 
change the drilling process dramatically (Deng et al. 1993, Neugebauer and Stoll 2004, 
Takeyama and Kato 1991, Devine 1979, Onikura et al. 1996). Conventional drilling, 
  
  
  
 
16 
 
which is a continuous cutting process, has been changed into a micro vibro-impact 
process in UAD, and both unnecessary plastic deformation and friction are 
considerably reduced. A high frequency impulsive force is generated during the vibro-
impact process which plays a significant role in improving the cutting process. Thus 
cutting is achieved more efficiently by a reduced quasi-static force compared with a 
conventional cutting case where the cutting force is higher and continuous. 
 
Little analytical work has been reported on UAMD and most work on UAD has been 
experimental. There has been some work related to micro drilling with low frequency 
vibration and drill deviation is found to reduce with vibration (Zhang et al. 1991, 
Chern and Lee 2006). This work was limited by relatively low rotational speeds and 
feed rates, which is less practical according to current commercial requirements, 
particularly for the PCB industry. Thus further investigation into the application of 
ultrasonic vibration to micro drilling in high speed applications is imperative.  
 
As mentioned in Section 1.1.2, there are two main ways to apply ultrasonic vibration 
in micro drilling: i.e. vibrating the workpiece or vibrating the drill bit, and they both 
have advantages and limitations. For workpiece vibration, high rotational speed of the 
drill can be achieved via an air spindle system. However, the workpiece in this case 
has to be relatively small in size and its vibration also has to be controlled carefully. 
On the other hand, a micro drill bit will be excited by an ultrasonic transducer which 
it is attached to. In the case of resonance, the drill will perform according to the mode 
conversion of the system (Thomas, 2008) and affect the drilling process. However, 
this will lead to a much more complex modification of a drilling system compared 
with the previous case as it will be very difficult to supply high rotational speeds to 
such a transducer-drill system (transducers usually have large dimensions for the sake 
of wave propagation). In this work, the workpiece was vibrated in the UAMD 
experiments in order to allow the use of an air spindle system for the high rotational 
speed requirement. This will also minimise the required modifications to the current 
air spindle design. The arrangement enables the high frequency vibro-impacts 
between the drill and the workpiece to be studied when the drill is rotating at very 
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high speeds. This allows further understanding regarding the application of UAD 
techniques to high speed micro drilling.   
 
1.2 Aims of Research and Contribution to Knowledge 
1.2.1 Aims of Research 
The micro drilling and UAD problems have been identified, and therefore the aims of 
this research are as follows:  
 
• Currently reported finite element models for micro drills only focus on the 
flute part of the drill, while the effect of the shank is usually neglected, which 
is not sufficient for high frequency application. This research is concerned 
with the whole micro drill Finite Element (FE) modelling with efficient 
elements for FE computation. The thesis aims to develop a technique to 
simplify FE modelling of the complicated geometry of the micro drills to 
facilitate further analysis. 
• Vibration problems in conventional drilling have been studied extensively. 
However, vibration and stability for ultrasonically assisted micro drilling have 
not been systematically studied. The influences of operating parameters, such 
as rotational speed and ultrasonic frequency, are not well understood or 
documented. This research is concerned with understanding the vibration and 
stability of UAMD systems and clarifying the effects of rotational speed and 
ultrasonic excitation frequency. 
• Various force models for drilling have been reported. However, they are based 
on geometric parameters and conventional drilling conditions. Thus they are 
not expected to be valid for UAD due to the vibration effect and 
unconventional cutting mechanism. Based on an existing analytical model, 
this research aims to develop a nonlinear numerical model for thrust force to 
study more cutting parameters and correlate with experiments. The model is 
developed with the intention of incorporating it into the vibration model.   
• Most of the micro drilling experiments reported are limited to conventional 
drilling. Micro drilling experiments with vibration assistance, which are quite 
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uncommonly reported, have been limited to low frequency vibration, very low 
rotational speeds and feed rates. Thus they are not sufficient to meet the 
required productivity enhancements from the current industry. This research is 
concerned with the performance of UAMD (thrust force and hole finish) at 
high rotational speeds, and a critical experimental investigation will be 
conducted to examine the influence of ultrasonic vibration and high rotational 
speeds on the drilling process. The results will be correlated to the nonlinear 
force model presented.  
 
1.2.2 Contribution to Knowledge 
• A hybrid FE model with high computation efficiency for a complicated micro 
drill was established using overlap elements and low dimensional elements. 
The hybrid model technique realizes FE modelling of the whole micro drill 
without compromising computational time. The approach can particularly 
benefit the modelling of drills with complex geometry and advanced analysis 
(e.g. transient or nonlinear). The drill shank was found to influence the higher 
vibration modes of the drill.  
• This thesis extends previous vibration modelling of drilling by considering 
ultrasonic vibration as a parametric excitation in high speed rotation cases. In 
the vibration model, ultrasonic vibration is considered as an axial parametric 
excitation whilst centrifugal force and gyroscopic effects are included in order 
to represent the rotational effect. The 2 Degree-of-Freedom (DOF) model, 
which combines modal characteristics from FE analysis and analytical 
formulation based on beam theory, is novel when applied to UAMD modelling. 
The parametric resonances induced by ultrasonic vibration were found to be 
stabilized by high rotational speeds. The system becomes unstable at 
parametric resonant frequencies when the ultrasonic amplitude exceeds a 
certain threshold. Rotational frequency dependent modulation was introduced 
by Coriolis force to the vibration in both coordinates. 
• The presented force model considers the vibration of the workpiece and the 
nonlinear relationship between the interaction force and the relative 
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displacement. Thus the effect of ultrasonic vibration can be included in force 
calculation and the force reduction in UAMD experiments can be explained 
and estimated. With further development of the force model, predictions of 
force reduction could be made based on the drill parameters and operating 
conditions. The force model is developed for incorporation into the 2DOF 
vibration model.  
• A UAMD test rig was specifically developed to investigate the force reduction. 
UAMD experiments with high rotational speeds were designed in order to 
investigate the ultrasonic excitation and high speed rotational effect 
simultaneously. Force reduction at high spindle speeds in UAMD was 
reported for the first time and its trends were studied with the operating 
parameters. The average thrust forces at all resonance cases are reduced 
compared with those in conventional drilling, however, the force reduction 
sees a drop at higher rotational speeds.  
• Finally, a study of the correlation between thrust forces from the experimental 
data and force modelling results has identified the limitations of the current 
one dimensional nonlinear thrust force model and provided recommendations 
for the further development of force modelling. 
 
1.3 Outline of the Thesis  
There are nine chapters in the thesis. Chapter 1 introduces the background of the 
research topic, objectives of the thesis and contribution to knowledge. Chapter 2 is 
devoted to a comprehensive and critical literature review in the area. Existing gaps are 
identified and discussed, which defines the agenda of the current research in 
accordance with the contribution to knowledge. 
In order to model a complex micro drill as a whole and improve the efficiency of the 
FE modelling, Chapter 3 developed a hybrid FE model as a new technique for micro 
drill modelling. A specific drill with complex geometry (Φ0.3 mm, with a two step 
shank) is modelled using this new technique and this case study is used for model 
evaluation. The tool developed can be used for further analysis for drills with 
relatively complicated geometries. 
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Also based on whole drill FE modelling, a micro drill with less complex geometry 
(Φ1 mm, one step shank) is analysed for its vibration characteristics in Chapter 4. 
Based on the fundamental modes extracted from the FE analysis, a 2DOF vibration 
model for transverse vibration of the Φ1 mm drill is developed from Euler-Bernoulli’s 
beam theory. Rotation of the drill and longitudinal ultrasonic excitation are 
considered. Potential parametric resonance and the effects of Coriolis force are 
studied. After vibration analysis, a pertinent issue for drill modelling is the thrust 
force. To address this, a nonlinear numerical model is presented for the purpose of 
identifying the interaction force between the drill and the workpiece in Chapter 5. The 
vibro-impact effect during UAMD is studied and force reduction is explained. The 
force model is developed for incorporation into the 2DOF vibration model in Chapter 
4. 
To validate the force reduction in a real UAMD application, a high speed test rig 
system was designed and assembled, which is described in Chapter 6. Force reduction 
during UAMD was investigated utilising various ultrasonic frequencies and rotational 
speeds. Chapter 7 is devoted to a correlation study on thrust forces from experimental 
measurement and simulation based on the model presented in Chapter 5. 
Chapter 8 presents conclusions for the whole thesis. Chapter 9 provides 
recommendations for further research. 
 
1.4 Publications Related to the Thesis 
• Zhang Z., Babitsky V.I., Finite Element Modelling of a Micro Drill and 
Experiments on High Speed Ultrasonically Assisted Micro Drilling, Journal of 
Sound and Vibration (accepted), the 2nd ICoVIS Special Issue 
• Zhang Z., Babitsky V. I., Manevitch L. I., Analytical Modelling and Bending 
Stability Analysis of Ultrasonically Assisted Micro-Drilling, 12th Asia Pacific 
Vibration Conference, August 6-9th, 2007, Sapporo, Japan 
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2 Literature Review 
2.1 Introduction 
A broad range of related literature is reviewed and representative work is documented 
and discussed critically in this chapter. Gaps in the current literature are identified 
which correspond with the previously stated aims of research and contribution of this 
thesis. 
A lot of work on the dynamics of drilling and UAD experiments have been carried out 
in the past two decades (Gong 2001, Chen 2007, Neugebauer and Stoll 2004, Zhang 
et al. 1991, Ohnishi and Onikura 2003, Babitsky et al. 2007, Babitsky and Astashev 
2005, Astashev and Babitsky 1998). However, very limited published work on 
UAMD modelling or experiments can be found. Much work is devoted to force 
modelling and prediction for conventional drilling; however, most studies are based 
on static cutting tool geometries and simple operating conditions. In the case of 
UAMD, such results are not valid due to the vibration modes and unconventional 
cutting mechanism occurring. Vibration analysis work has been conducted 
extensively and transverse vibration and coupled vibration have been discussed. High 
frequency excitation, such as ultrasonic vibration, has not been considered in the 
vibration modelling work. Nevertheless, the previous research on micro drilling and 
UAD still provide a solid foundation for understanding the current topic.  
This chapter consists of five main sections: Section 2.2 discusses previous research 
work on micro drilling modelling and experiments; Section 2.3 documents some 
previous work on vibration analysis of twist drills; Section 2.4 critically reviews force 
modelling work in conventional drilling; Section 2.5 discusses representative UAD 
work on both modelling and experiments, particularly some previous tests carried out 
in Loughborough University; Section 2.6 introduces some other related research; and 
Section 2.7 summarizes the whole chapter. 
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2.2 Micro Drilling 
2.2.1 Modelling 
In order to analyse the characteristics and performance of a micro drill bit, a 
representative model is the basic requirement. FE models for micro drills were 
presented and the stresses were analysed for three drill types (MDS, MD30 and MD20) 
(Hinds and Treanor 2000). The geometric details of the drill types are listed in Table 
2.1. The MDS and MD30 drills are similar to conventional drills as they have one 
clearance angle, whereas the MD20 drill has both a primary and a secondary face 
angle.  
Table 2.1: Geometric features of micro drills MDS, MD30 and MD20 
Adapted from (Hinds and Treanor 2000) 
Drill type 
Geometric feature 
MDS MD30 MD20 
Diameter (mm) 0.1 0.1 0.1 
Body length (mm) 1.0 1.0 1.0 
Flute length (mm) 1.0 1.0 1.0 
Helix engle (º) 30 30 20 
Web thickness (mm) 0.04 0.04 0.03 
Web taper (mm/mm) 0.030 0.030 0.035 
Flute/land ratio 1.6/1.0 1.5/1.0 2.2/1.0 
Point angle (º) 118 140 120 
Primary face angle (º) 15 15 20 
Secondary face angle (º) − − 30 
Chisel edge angle (º) 62.5 51.9 46.7 
 
Measured forces from experiments were used in order to determine drill loading. It is 
reported that there is a strong relationship between the stress distribution in the drill 
bit and its life. 3D stress models were developed for different types of micro drills, 
and maximum principal stress distributions of cross sections were predicted, as shown 
in Figure 2.1 (a) - (c). It can be seen that the lowest maximum principle stress 
predicted for MDS is 378 N/mm2, whereas the flute regions have higher stresses. The 
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stress distributions for MD30 and MD20 have a similar pattern to that of MD but the 
low stress areas are reduced considerably. This suggests that MDS will have a longer 
life than MD30 and MD20 and this was validated by experiments.   
 
 
(a) (b) 
 
(c) 
Figure 2.1: Principal stress distributions of cross sections of different drills 
(a)~(c), Maximum principal stress distributions of cross sections of drill type MDS, 
MD30, MD20 under normal loading  
Reproduced (Hinds and Treanor 2000) 
 
Transverse bending vibrations in a rotating micro drill bit subjected to a compressive 
axial force have been analysed based on the Timoshenko beam theory (Chen 2007). 
Two types of eigenvalue problems were formulated and utilized in order to investigate 
the influence of the drill helix angle, flute length and diameter on the buckling load 
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and critical speed of the micro drill with different boundary conditions (clamped-
pinned and clamped-clamped). The buckling load and critical speed were also studied 
against rotational speed and thrust force respectively. The results for a micro drill bit 
with a 30º helix angle, 0.457 mm diameter and 8.89 mm flute length with clamped-
pinned and clamped-clamped boundary conditions are shown in Figure 2.2 and Figure 
2.3. It can be seen that the buckling load decreases with increasing rotational speed 
for both boundary conditions. The buckling load will reduce to zero when the 
rotational speed increases to a certain value. A similar trend can be observed for the 
critical speed, i.e. the critical speed decreases with increasing thrust force for both 
boundary conditions. The critical speed will reduce to zero when the thrust force 
increases to a certain value. It is unlikely for either the buckling load or the critical 
speed to reach zero in the current industrial application conditions due the limited 
rotational speed and thrust force (Chen and Ehmann 1994). Nevertheless, with 
developments in spindle design and reduction of drill diameter, these issues are more 
and more necessary to be taken into account.   
 
Figure 2.2: Critical buckling load versus spindle rotational speed for a rotating drill 
Reproduced from (Chen 2007) 
  
  
  
 
25 
 
 
Figure 2.3: Critical speed versus thrust force of a compressed micro drill 
Reproduced from (Chen 2007) 
 
Similar results are reported with more modes, boundary conditions and more 
geometric parameters. Gong established a dynamic model and investigated the 
influences on dynamic characteristics from drill geometry, boundary conditions and 
rotational speed (Gong et al. 2003, Gong et al. 2005a). It was shown that both critical 
speeds and buckling loads increase with an increase in the cross-sectional area or the 
helix angle, and increase significantly with decreasing the flute length. Critical speeds 
were shown to decrease with increasing thrust force, whilst buckling loads decrease 
with increasing rotational speed. In addition to all these parameters, the critical speeds 
and buckling loads are also influenced by boundary conditions, which are associated 
with different drilling stages (Table 2.2). 
Table 2.2: Boundary conditions for drilling models and corresponding drilling stages 
Boundary condition Drilling stage 
Clamped - free Skidding 
Clamped - pinned Wandering 
Clamped - clamped Stable drilling 
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In Figure 2.4 - Figure 2.6, it can be seen that the critical speed increases when the 
boundary condition changes from clamped - free to clamped - pinned and clamped - 
clamped. Besides, the difference between the first two modes is getting closer and 
closer when the thrust force is low. On the other hand, the buckling load also 
increases drastically with boundary condition changing from clamped - free to 
clamped - pinned and clamped - clamped.   
According to Gong’s drilling model, an increase in thrust force leads to a decrease in 
critical speed, and the drill bit becomes unstable when the thrust force reaches a 
certain value. Similarly, an increase in rotational speed causes the buckling load to 
decrease, and the drill bit becomes unstable when critical speeds are reached (Gong 
2001).  
 
 
 
(a) Clamped - free (b) Clamped - free 
Figure 2.4: Critical speeds against thrust force and buckling load against rotational 
speed with clamped - free boundary conditions 
Reproduced from (Gong et al. 2003, Gong and Ehmann 2001) 
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 (a) Clamped - pinned (b) Clamped - pinned 
Figure 2.5: Critical speeds against thrust force and buckling load against rotational 
speed with clamped - pinned boundary conditions 
Reproduced from (Gong et al. 2003, Gong and Ehmann 2001) 
 
 
(a) Clamped - clamped (b) Clamped - clamped 
Figure 2.6: Critical speeds against thrust force and buckling load against rotational 
speed with clamped - clamped boundary conditions 
Reproduced from (Gong et al. 2003, Gong and Ehmann 2001) 
 
Huang (2004) presented a time-dependent vibration model to study the effects of 
rotational speed, helix angle and thrust force on the dynamic characteristics of a micro 
  
  
  
 
28 
 
drill. The numerical analysis shows that the natural frequency is reduced suddenly as 
the drill penetrates into a workpiece, as shown in Figure 2.7. In the simulated drilling 
process, the drill goes into the workpiece at time t=t*=0.003 sec. ξ(t), which is the 
drilling depth. It can be seen that the natural frequencies for mode 1 and 2 drop 
suddenly due to the action of the drilling force, and then increase as the drilling time 
increases due to the time dependent boundary condition. The cutting conditions 
simulated are, feed force – 2 N, rotational speed – 150000 rpm, feed rate – 0.025 m/s.  
 
(a) Mode 1 
 
(b) Mode 2 
Figure 2.7: The natural frequencies of a micro drill in the simulated drilling process 
Reproduced from (Huang 2004) 
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2.2.2 Experimental Studies 
Experiments on cutting forces have been carried out in selected drill sizes and 
materials, and relationships between cutting force and drill size and feed rate were 
studied by Kudla (2001). Comparisons of drill strength (Breaking torque TB) and 
cutting force (Torque TC) for tungsten carbide drills and epoxy-glass fibre laminate 
are plotted in Figure 2.8. It is obvious that micro drills are easy to break due to their 
low diameters, and drills with larger diameters are more difficult to break as their 
breaking torque increases drastically. Cutting forces and thrust forces for different 
feed rates, drill diameters and materials are shown in Figure 2.9. The cutting force and 
torque for both the Φ1 mm and Φ0.8 mm drill increase dramatically when drilling 
both CuZn39Pb1 and FR4 laminate with increasing feed rate. It is interesting to note 
that the cutting force and torque for the 0.6 mm drill for continuous drilling in 
CuZn39Pb1 do not see a pronounced increase for feed rates varying from 6 µm/rev to 
23 µm/rev. 
 
Figure 2.8: Comparison of drill strength (breaking torque TB) and cutting force 
(torque, TC) for tungsten carbides drills and epoxy-glass fibre laminate 
Reproduced from (Kudla 2001) 
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(a) (b) 
Figure 2.9: (a) Maximum values of cutting forces vs. feed for continuous drilling in 
CuZn39Pb1; (b) Rise of cutting forces with increasing feed rate for drilling of holes 
8.0=d  mm in FR4 laminate. 
Reproduced from (Kudla 2001) 
Time and frequency domain analysis were carried out for the measured cutting force 
during micro drilling with two drill types and three spindle speeds (Guo et al. 2003). 
The cutting conditions are listed in Table 2.3. It was found that the spindle speed has 
an insignificant effect on the thrust force regardless of the tool type in the reported 
application. The first harmonic of the spindle speed seems to dominate in both cutting 
forces and accelerations in all three translational dimensions. It was also observed that 
the thrust force increases with increasing number of holes drilled when the drill is 
within the rapid wear stage. The thrust force roughly levels off when the drill enters 
gradual wear stage.  
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Table 2.3: Cutting conditions 
Adapted from (Guo et al. 2003) 
Drill bits Spade (HSS) Twist (Cobalt) 
Diameter (mm) 1 0.49 
Hole Depth (mm) 3 2 
Speed (rpm) 1500, 2000, 2500 
Feed (mm/min) 5 
Workpiece material Aluminum 
Coolant Dry 
 
Experimental studies on micro drilling with low frequency axial vibration were 
presented and the results show that drilling reliability and positional accuracy of the 
machined holes can be improved by superimposed vibration (Yang et al. 1998) (Yang 
et al. 2002) (Adachi et al. 1987). The improvement in positional accuracy is explained 
by the intermittent cutting mechanism introduced by the axial vibration. 0.28 mm 
HSS twist drills were used and the material being drilled was 18Cr2Ni4WA. The 
spindle speed was 15000 rpm and the feed rate was 60 mm/min. Axial vibration 
frequency was chosen in order to allow non-continuous chips (easier to be removed) 
to be generated based on an analytical model. In the experimental work, the vibration 
amplitude and frequency were chosen as 5.5 µm and 250 Hz respectively. A 
positional error of 0.04 mm, which is considered quite difficult for conventional micro 
drilling with the cutting tool, was easily achieved with the assistance from the low 
frequency axial vibration. 
 
2.3 Vibration Modelling of Drills 
2.3.1 Transverse Vibration 
Transverse vibration and its stability significantly influence the quality of hole finish 
and the performance of drilling, particularly in high speed and small hole drilling. A 
lumped parameter model for the transverse vibration of drill bits, which incorporates 
the effects of diameter and length, as well as the rotational speed and feed rate, was 
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developed (Ulsoy 1983, Ulsoy and Tekinalp 1984). Natural frequencies are found to 
decrease with increasing rotational speed, and reach zero at a critical rotational speed, 
which leads to a transverse instability (buckling). Later a distributed parameter model 
based on Euler-Bernoulli’s beam theory took account of helix angle and axial force 
(Ulsoy and Tekinalp 1984). Rincon and Ulsoy (1995) discussed the effects of 
complex geometry, rotary inertia and gyroscopic moments on drill vibrations. It has 
been found that the number of flutes has a more important influence on drill vibration 
than the other parameters studied, such as material properties.  
Based on the model by Ulsoy, the regenerative effect and different boundary 
conditions were considered by Arvajeh and Ismail (2006a), as shown in Figure 2.10. 
The drill is assumed to be a clamped-pinned beam with the mass lumped at the middle 
point (Z=l/2). The effect of regeneration is illustrated in Figure 2.11, where τ is the 
time between each cutting pass. For a twist drill with two cutting lips, τ equals half of 
the tool rotation period. f is the nominal feed rate. The regeneration effect of bending 
vibration is included in the cutting force model (Arvajeh and Ismail 2006a). 
 
Figure 2.10: Lumped mass model of a drill bit for bending vibration 
Adapted from (Arvajeh and Ismail 2006a) 
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Figure 2.11: Regeneration effect in bending vibration 
Adapted from (Arvajeh and Ismail 2006a) 
One of the most distinguishable differences between micro drill bits and conventional 
drill bits is the slenderness of micro drill bits. Because of this, bending vibration and 
stability are gaining more and more attention from researchers, e.g. Gong (2001) and 
Ulsoy and Tekinalp (1984). Drills with different aspect ratios were studied taking into 
account both bending stability and torsional stability. Two Φ9.52 mm drills were 
studied, one with an overhang length of 98 mm called the ‘short’ drill and one with an 
overhang length of 193 mm, referred to as the ‘long’ drill. Overhang length here is the 
distance from the tip of the chuck to the drill tip. It was found that bending stability 
dominates the dynamic stability for the ‘long’ drill, as the instability limit of the 
bending mode is lower than that of the torsional mode.  
As shown in Figure 2.12, drill-wall interaction and cutting force imbalance were 
considered to make the transverse motion model more accurate so that more realistic 
predictions could be made. This is realized by an unbalanced rotor model based on the 
Jeffcott model in rotor dynamics literature (Basile 1993). Additionally, the rotary 
inertia and gyroscopic moments are included in modelling the drill bit in order to 
obtain more representative results for high speed rotation cases (Arvajeh and Ismail 
2006a, Yongchen et al. 2006). 
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Figure 2.12: Simplified model of the drilling system in transverse directions 
Reproduced from (Basile 1993) 
 
A drill bit was modelled using Euler-Bernoulli’s beam theory by Ulsoy (1989), and 
the equations of motion were solved using the FE technique. Geometric parameters, 
the thrust force and torque, as well as rotational speeds have also been analysed as 
main factors of the drill’s transverse vibration (Ulsoy and Tekinalp 1984, Furness et 
al. 1992, Tekinalp and Ulsoy 1989). Also, the Timoshenko beam element has been 
utilized in a dynamic model of the micro-drill-spindle system. Eccentricity of the 
spindle-clamp-drill system and bearings were taken into account in studies of the 
bending motion, shear deformation and dynamic stress in the micro drill bit during 
high speed machining (Hinds and Treanor 2000, Yongchen et al. 2006, Traore et al. 
2005).  
In Gong’s work, micro drill bits are regarded as long twisted beams, and critical 
speeds and buckling loads are estimated taking into account transverse shear, rotary 
inertia, as well as gyroscopic moments. Three types of boundary conditions: clamped-
free, clamped-pinned and clamped-clamped, were developed in order to represent the 
three different stages of a typical drilling process: skidding, wandering, and stabilized 
drilling. The buckling load is found to decrease markedly with the increase of the 
rotational speed in the simulation. However, this experimental work was limited to 
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conventional Φ3.175 mm HSS twist drills (Gong 2001, Gong et al. 2003, Gong et al. 
2005a, Gong and Ehmann 2001, Gong et al. 2005b). 
 
2.3.2 Coupling of Vibration 
Models considering coupling of the vibrations in different directions have also been 
presented (Tucker and Wang 1999). As fundamental works, several coupled bending-
torsional models were introduced using basic beam theories (Banerjee and Williams 
1992, Banerjee and Williams 1994). A time domain bending-torsional model was 
developed in order to study chatter stability in high speed drilling and both bending 
instability and torsional instability are considered for a “long” drill and a “short” drill. 
It is found that the bending instability limit is lower than the torsional instability limit 
for ‘long’ drills (Arvajeh and Ismail 2006b). A time domain model (shown in Figure 
2.13) of torsional-axial vibration has also been presented, with which cutting forces 
and vibration of the drill bit were predicted (Roukema and Altintas 2006). Based on 
this model, a generalized 3D time domain model for drill vibrations was presented 
taking into account rigid body kinematics and the axial, torsional and two lateral 
vibrations of the drill. Hole oversize due to grinding errors on the tool can be 
predicted effectively (Roukema and Altintas 2007a). With the development of 
Roukema’s time domain model, regenerative and chatter vibration are predicted and 
the mechanism of whirling vibration is explained. Experimental investigations were 
conducted to examine the influence of pilot hole size, spindle speed and torsional-
axial chatter on lateral vibration, and the results are consistent with simulations. 
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Figure 2.13: Structure of a time domain simulation model for drilling 
Adapted from (Roukema and Altintas 2006) 
 
2.4 Force Modelling for Conventional Drilling  
When drilling force has been modelled, the major cutting lip was considered as a 
combination of many cutting elements, and the chisel edge and the area nearby were 
included as an indentation zone and secondary cutting edges respectively (Gong 2001, 
Gong and Ehmann 2001, Yang et al. 2002, Guibert et al. 2009). An illustration of the 
cutting force model on the chisel edge and the area nearby is shown in Figure 2.14. 
Regenerative correlation between the cutting forces and tool vibration was considered 
in the numerical modelling, and a 3D chip formation model has been developed to 
describe the interaction between the cutting tool and workpiece. The 3D effect of 
vibration on the drill tip and chip area is shown in Figure 2.15, where f is the feed per 
revolution (Yang et al. 2002). Both drilling and reaming tests are conducted to 
validate the proposed force model and strong agreements in both thrust force and 
torque are found. It should be noted that, in the study, the workpiece is considered as 
rigid and only radial vibrations of the drill are considered. 
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Figure 2.14: Illustration of a cutting force model on the chisel edge  
Reproduced from (Yang et al. 2002) 
 
Figure 2.15: Illustration of 3D effect of vibration on the drill tip 
Reproduced from (Yang et al. 2002) 
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Models to predict thrust and torque during composite materials drilling have also been 
presented. The work by Langella concentrates on the influence of feed rate and point 
angle on thrust force and torque, and the respective contributions of the cutting lips 
and chisel edge. It is revealed that, during glass-reinforced composite drilling thrust 
force values increase in proportion to feed rate and point angle. The influence of 
chisel edge on thrust force was shown to increase with the feed rate and may account 
for over 80% of the force needed in order to drill a hole (Langella et al. 2005). Gong 
established separate dynamic drilling force models for the major cutting edge, 
secondary cutting edge and indentation zone. This is to meet the relatively large ratio 
of chisel edge width to the drill diameter, which is one of the main characteristics of 
micro drills (Gong 2001). Roukema presented a mechanistic cutting force model, 
which can predict the cutting torque and thrust as a function of feed rate, radial depth 
and geometry (Roukema and Altintas 2006, Roukema and Altintas 2007a, Roukema 
and Altintas 2007b, Roukema and Altintas 2004). Radial and tangential forces acting 
on the flutes and the dynamic model of the drill are shown in Figure 2.16.  
 
 
(a) Radial and tangential forces  (b) Dynamic model of drill bit 
Figure 2.16: Forces acting on flutes and dynamic model of drill bit 
Adapted from (Roukema and Altintas 2006) 
Most of the force prediction models established are based on the drill’s geometrical 
characteristics; this may not apply to UAD as the drill experiences complex 
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vibrations. With the drill or the workpiece in resonance, the geometrical 
characteristics of the drill could be dramatically modified due to vibration mode 
conversion (Thomas 2008). However, the force models are still reviewed here as they 
can assist understanding of the drilling mechanism.  
 
2.5 Ultrasonically Assisted Drilling 
UAD takes place when ultrasonic vibration is superimposed onto the drilling process, 
often when the drill bit is under the ultrasonic excitation from a transducer 
(sometimes a workpiece rather than a drill bit is excited). To achieve more efficiency, 
the drill bit/workpiece is tuned in resonance longitudinally or torsionally in order to 
get the maximum vibration magnitude, which will facilitate the vibro-impact process 
and increase cutting efficiency. 
 
2.5.1 Modelling 
With the invention of ultrasonic assisted machining, the technique has been 
recognized and investigated intensively. Ultrasonic applications spread from turning 
to drilling, and from tapping to grinding (Astashev and Babitsky 2007, Kumabe et al. 
1989, Markov 1966, Alexeyev and Markov 1971, Voronin et al. 1961). In the 
majority of ultrasonic machining processes, a reduction in static force, an increase in 
cutting speed or a decrease in the apparent material hardness is seen. The technique is 
usually used for materials that are difficult to manufacture by conventional methods. 
It has been showed that brittle materials are more suitable for ultrasonic machining 
(Astashev and Babitsky 2007). Three important parameters (tool vibration frequency, 
tool vibration amplitude and workpiece cutting speed) are studied and their 
relationships with cutting force are established (Nath and Rahman 2008). The Tool-
Workpiece Contact Ratio (TWCR) is found to play a significant role in the cutting 
process, and cutting force, tool wear, surface quality and tool life can be improved by 
reducing TWCR. Some experimental investigations have illustrated that chatter can 
be reduced effectively by vibration of the cutting tool irrespective of the tool 
geometry. For example, Xiao et al. (2002) showed that if the cutting tool is vibrated at 
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20 kHz and 15 µm, the workpiece displacement amplitude can be reduced from a 
range of 10-102 µm to 3-5 µm in tests with various tool geometries. 
In order to obtain a more pronounced advantage during ultrasonically assisted 
machining processes, a periodic vibro-impact process is required at the tool-
workpiece interaction. The process needs to be stabilized and a specific control 
strategy, autoresonant control, is being developed to accomplish this (Babitsky et al. 
2004, Babitsky et al. 2004).  
Although concentrating on Ultrasonically Assisted Cutting (UAC), Nath’s work can 
also potentially apply to other UAM processes such as UAD. An illustration of the 
pulse cutting state in UAC is shown in Figure 2.17. tc/T is the TWCR as mentioned 
above. It is found that in order to achieve high quality cutting, the TWCR should be 
kept as low as possible, and this can be realized by increasing both tool vibration 
frequency and amplitude, as well as by decreasing the workpiece cutting speed (Nath 
and Rahman 2008). 
 
Figure 2.17: Pulse cutting state in the UVC method 
Reproduced from (Nath and Rahman 2008) 
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The reduction of resistance was also explained via the impulse cutting mechanism 
identified by Fuji Ultrasonic Engineering Co., Ltd. (2006), as shown in Figure 2.18 
and Figure 2.19. The cross displacement (relative displacement) between cutting edge 
and workpiece is Vt when the cutting speed is V. Additionally, vibration cutting 
displaces the tool tip as asinωt and the resultant cross displacement is Vt+asinωt. 
Thus it cuts only in the period of A as shown in Figure 2.18. The instant cutting power 
and cutting resistance therefore become a pulse wave. The average cutting resistance 
is reduced enormously when vibration is superimposed into the cutting process based 
on the qualitative illustration. 
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Figure 2.18: Pulse cutting mechanism in vibration cutting 
Adapted from (Fuji Ultrasonic Engineering Co., Ltd. 2006) 
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Figure 2.19: Reduction of cutting resistance by vibration cutting 
Reproduced from (Fuji Ultrasonic Engineering Co., Ltd. 2006) 
 
Some fundamental work on ultrasonically assisted cutting was presented, and load 
reduction and the nonlinear contact in the cutting process were discussed 
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mathematically and validated by experimental results by Astashev and Babitsky 
(1998). An analytical model for an ultrasonic bar system was also developed, as 
shown in Figure 2.20. ∆ is the distance from the end of the bar to the limiter whilst fs 
is the longitudinal excitation. Nonlinear loads are considered and resonance 
amplitudes and frequencies are sought in both the idling regime and loaded conditions. 
Amplitude-frequency characteristics are derived and estimated via backbone curves 
(Astashev and Babitsky 2007).  
 
Figure 2.20: A homogeneous bar model with an elastic limiter 
Reproduced from (Astashev and Babitsky 2007) 
 
Thomas presented a 3D FE model (Figure 2.21) for a UAD system, including a 
longitudinal transducer and an Φ8 mm HSS drill, based on the commercial FE 
package COMSOL. Modal analysis and transient analysis have been conducted. 
Several mode conversions (3D mode shapes) are observed in the frequency range 
studied. Drill geometry is evaluated by a ratio of torsional vibration and longitudinal 
vibration in the combined modes, which are used for UAD application. Based on the 
modal analysis, the necessity to design a new type of drill bit geometry with 
optimised geometric characteristics for UAD was identified (Thomas 2008).  
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Figure 2.21: Meshed solid model for an ultrasonic transducer and an Φ8 mm drill bit 
Reproduced from (Thomas 2008) 
Based on an analytical model and experiments, Zhang et al. (2001) reported that 
thrust force and torque in vibration drilling are smaller than conventional values by 20 
- 30% for the same operating conditions when drilling fibre-reinforced composite 
materials. A model to predict thrust force and torque in vibration micro drilling was 
developed by Wang et al. (1998) and the dynamic uncut chip thickness was simulated. 
Vibration drilling was shown to be a pulsed cutting process and a non-uniform chip 
was formed during the process. In the simulation, it is interesting to find that the chip 
breakage does not occur theoretically when the vibration frequency is twice the 
spindle speed. 
Nevertheless, little research directly related to the effects of ultrasonic assistance and 
rotational speed of the drill has been conducted. In Zhang et al.’s work (1991, 1994), 
the principle of drill skidding motion in both conventional drilling and ultrasonic 
vibration micro drilling was studied, as shown in Figure 2.22. In conventional drilling, 
a radial unbalanced force is generated because only the DB  part cuts the material, and 
the force bends the drill and causes the radial deflection OO ′ . Since conventional 
drilling is a successive process, OO ′  is increasing continuously. In ultrasonic 
vibration drilling, which is an intermittent process, the radial deflection OO ′  is 
restricted in a very small value and will not accumulate. The radial deflection in 
ultrasonic vibration drilling was shown to be 1/50~1/20 of that in conventional 
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drilling using an analytical model. However, this research was only for the initial 
stage when the drill bit penetrates into the material. 
 
 
(a) (b) 
Figure 2.22: Skidding of the chisel edge in conventional drilling and ultrasonic 
vibration drilling 
(a) Conventional drilling. (b) Ultrasonic vibration drilling 
Reproduced from (Zhang et al. 1994) 
 
A mathematical model has been presented in order to illustrate the axial tool and 
workpiece displacement and cutting forces during vibration drilling by Batzer et al. 
(2001). The model includes time lag, engagement and disengagement of the cutting 
tool, etc. With this model, self-excited vibrations were explained and transient 
processes (e.g. tool entry and breakthrough) can be simulated. However, transverse 
motion is ignored and only axial vibration is considered.  
A simple analytical model for the chip configuration is presented in order to study the 
machining resistance reduction and surface improvement by Lee et al. (2007). 
Experiments with the worktable vibrated at 20 kHz with amplitudes of 0 – 2 µm were 
conducted and it was found that the cutting chips change from a continuous curl type 
to a disconnected type as the vibration amplitude increases, and become readily 
broken. Φ0.3 mm and Φ1 mm drills were used to drill copper and Al6061. The 
rotational speed of the drill was 30,000 rpm and feed rate was 30 – 100 mm/min. The 
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alteration of the chip shape causes a friction force change at the tool surface, which 
leads to cutting force reduction during UAD (Zhang and Chen 1998).  
 
2.5.2 Experimental Studies 
Many advantages of UAD have been reported in previous research, such as reduction 
in axial force and torque, increased material removal rate, prevention of burr 
formation on drill breakthrough, improved surface roughness, reduced tool wear, one 
pass deep drilling and so on (Deng et al. 1993, Neugebauer and Stoll 2004, Takeyama 
and Kato 1991, Devine 1979, Onikura et al. 1996). 
 
UAD is also found to restrict the radial deflection of the chisel edge, particularly 
when drilling into inclined surfaces (Zhang et al. 1991, Zhang et al. 1994). In this 
application, it was found that the larger the amplitude of ultrasonic vibration, the 
better the hole positional accuracy is when the ultrasonic frequency was fixed as 16 
kHz. Figure 2.23 shows the relationship between the angle of workpiece inclination α, 
the ultrasonic vibration amplitude A and the radial deflection e of the drill. The 
rotational speed of the drill was 7100 rpm and the feed rate was set at 0.003 mm/rev. 
It can be seen in Figure 2.23 that when the angle of workpiece inclination increases, a 
larger ultrasonic vibration amplitude is required in order to reduce the skidding 
motion of the chisel edge (Zhang et al. 1991, Zhang et al. 1994). It is interesting to 
note that the radial deflection when α = 2.5° with A = 2 µm is even less than that 
when α = 0° in conventional drilling (A = 0 µm). Another experimental investigation 
using 40 kHz ultrasonic excitation at an amplitude of 3.5 µm also showed similar 
improvements in the micro drill’s penetration performance (Ohnishi and Onikura 
2003). Hammering motion and reduction of cumulative displacement of the drill due 
to intermittent cutting, and reduction in friction are used to explain the improvement. 
Much larger inclined angles (up to 60 degrees) were tested by Ohnishi and Onikura 
compared with Zhang et al.’s experiments.    
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Figure 2.23: Variation of radial deflection with ultrasonic vibration amplitude A and 
inclined angle α  
Reproduced from (Zhang et al. 1994) 
High frequency and low amplitude vibration was superimposed on the feed motion of 
the drilling process by Chang and Bone (2005). A reduction both in burr size and 
thrust force was achieved at a suitable high excitation frequency for both uncoated 
drills and TiN-coated drills in their experimental study, as shown in Figure 2.24 and 
Figure 2.25. However, tool wear was observed to increase under the vibration.  
 
 
(a) Uncoated drills (b) TiN-coated drills 
Figure 2.24: Average burr width vs. number of drilled holes for uncoated drills and 
TiN-coated drills 
Reproduced from (Chang and Bone 2005) 
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(a) Uncoated drills (b) TiN-coated drills 
                                                           
Figure 2.25: Average thrust force vs. number of drilled holes for uncoated drills and 
TiN-coated drills 
Reproduced from (Chang and Bone 2005) 
Ohnishi et al. (2004) studied a flat micro drill with ultrasonic vibration. They found 
the stiffness at the drill root to be significant for drill life, and the effects of ultrasonic 
vibration on drill life in different materials are shown in Figure 2.26. It is found that, a 
longer drill life is observed in Duralumin (A2017) without ultrasonic vibration than 
with ultrasonic vibration, and in stainless steel (SUS304) there is an opposite result. 
The result is presented as an experimental report and no explanation is reported in the 
study.  
 
Figure 2.26: Effects of ultrasonic vibration on drill life  
Reproduced from (Ohnishi et al. 2004) 
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Fuji Ultrasonic Engineering have developed commercial UAC systems for various 
cutting tools and reported advantages of the technique (Fuji Ultrasonic Engineering 
Co., Ltd. 2006). For drilling, the main superiorities are burr reduction and cutting 
resistance reduction. One example of burr reduction with a 6 mm solid carbide drill 
can be found in Figure 2.27, for which the cutting conditions are: spindle speed – 950 
rpm; feed rate – 10 mm/min; ultrasonic frequency – 27 kHz; cutting fluid – oil. They 
also reported that torsional vibration provides the best effect for burr elimination 
compared with other vibrations of the drill.  
 
(a) With torsional vibration, burr height 0.05 mm 
 
(b) Without torsional vibration, burr height 0.19 mm 
Figure 2.27: Burr reduction for a Φ6 mm solid carbide drill 
Adapted from (Fuji Ultrasonic Engineering Co., Ltd. 2006) 
 
Some fundamental experiments have been carried out in order to set a test benchmark 
for studying the contact mechanics during ultrasonic micro-impact processes (Twiefel 
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et al. 2008). The presented test bench is capable of recording the displacement at the 
contact tip and thus velocity and contact times can be evaluated. It is claimed to have 
a good ability for the validation of ultrasonic contact models. However, this is only 
for fundamental study and not for any material cutting application.  
 
2.5.3 Workpiece Vibration 
Due to the convenience of implementation, sometimes the workpiece is vibrated 
instead of the drill. This limits the size of the workpiece, but reduces the complexity 
of modifying the spindle which holds the drill bit. It suits the current study on micro 
drilling better as it allows the use of an air bearing spindle and makes very high 
rotational speed achievable. Workpiece vibration was employed in this work for the 
UAMD experiments described in Chapter 6. 
 
Although less common than vibrating the drill bit itself, there are some previous 
studies supporting the idea of workpiece vibration during UAD. Chern and Lee 
(2006) developed a test rig for workpiece vibration and the aluminium alloy 6061-T6 
and stainless steel SS41 were drilled in the experiments. The method was found to be 
effective and some results are shown in Figure 2.28 and Figure 2.29. It can be seen 
that with vibration the holes have remarkably improved roundness. However, it was 
also found that vibrating the workpiece had a negative influence on the tool life.  
  
(a) Without vibration (b) With vibration 
Figure 2.28: Comparison of machined holes without and with workpiece vibration 
Reproduced from (Chern and Lee 2006) 
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(a) Without vibration (b) With vibration 
Figure 2.29: Comparison of hole walls without and with workpiece vibration 
Reproduced from (Chern and Lee 2006) 
 
Experimental studies have been conducted by Ramkumar et al. (2004) on glass fibre 
reinforced plastic laminate drilling. Experiments are designed in the conditions of low 
rotational speeds (630, 1250 rpm) and low vibration frequency (0 - 280Hz). Thrust 
force and tool wear were all found to be reduced drastically when workpiece vibration 
was applied. Contrary to Chern’s work, here tool life was found to be considerably 
prolonged with workpiece vibration. Three different drills (tipped WC, two-flute solid 
carbide, and three-flute solid carbide) were examined in this study and the three-flute 
solid carbide drill was found to demonstrate the best performance. 
Liao et al. (2007) also confirmed the advantages of vibrating the workpiece. This 
work studied the drilling of Inconel 718 while axial resonant vibration was 
superimposed on the drilling process. It was found that vibration over 12 µm may lead 
to negative effects and 31.8 kHz and 4 µm to the longest drill life and best hole finish 
within the operating conditions presented. Chang and Bone (2005) established a 
workpiece holder in order to supply the drilling process with longitudinal ultrasonic 
vibration along the drill’s axis, as shown in Figure 2.30: . Workpiece samples with 
obvious burr reduction are shown in Figure 2.31. The burr reduction is explained by 
less plastic deformation and reduced thrust force, due to the very short chip length and 
vibro-impact during UAD. It was also reported that the workpiece can be excited both 
longitudinally and torsionally with respect to the drill bit’s axis (Chang and Bone 
2005).  
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(a) (b) 
Figure 2.30:  (a) Cross-section of a workpiece holder for longitudinal vibration; (b) 
Photo of the complete workholder 
Reproduced from (Chang and Bone 2005) 
 
 
Figure 2.31: Workpiece samples: Drill diameter - 3.18 mm, spindle speed - 6000 rpm, 
feed rate - 1.90 mm/s  
Reproduced from (Chang and Bone 2005) 
 
2.5.4 Preliminary UAMD Studies at Loughborough University 
Substantial cutting force reduction has been demonstrated in previous experimental 
work on UAD at Loughborough University (Thomas 2008). The previously used 
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drills had diameters in the range of 3 mm to 12 mm and rotational speeds were very 
low compared with those being used in the PCB industry. The force reduction was 
found to reduce the tendency for drills to be deflected by random lateral impulses 
from the material, so the ultrasonically drilled holes were more accurate and with a 
superior surface finish. Another beneficial effect from the force reduction is that it 
enables the feed rates to be increased for a given rotating speed and this is 
commercially important for the industry. 
2.5.4.1 Experimental Setup  
In the experiment, the diameters of the drill bits ranged from Φ0.3 mm to 2 mm, and 
the material was copper-plated glass fibre composite (a commonly used type of PCB 
material). Ideally, the piezoelectric transducers that are required in order to generate 
large amplitude longitudinal vibration at the cutting tips of drills should be designed 
to operate at a specific frequency, which is the longitudinal resonance frequency of 
the transducer-drill system. The frequency is normally found by exciting the drill with 
sweeping frequency and observing the response using a laser vibrometer focussing on 
the cutting tip. Usually it is necessary to attach a small piece of reflective strip to the 
tool tip in order to produce a sufficiently strong signal for the vibrometer. 
Unfortunately, in the case of super small diameter, solid carbide micro drills, it is 
almost impossible to establish the natural resonant frequencies by the method 
mentioned above, because insufficient laser light is reflected back into the vibrometer 
due to the small area at the tip. Thus, the choice of the piezoelectric transducer for use 
in this study was to some extent an arbitrary one based on prior experience of UAD in 
Loughborough University. 
 
The drilling system is shown in Figure 2.32. Small, square shaped specimens of PCB 
(shown in Figure 2.33), approximately 10 mm by 10 mm, were mounted on the 
spindle of a router motor. Thus it became feasible to extend the speed range to a 
maximum of 25,000 rpm with the drilling system specified above. The specimen 
mounting was facilitated by means of a simple clamping device, which could be held 
in the collet chuck of the router, standard on such machines. The router motor itself 
was positioned in a specially designed cradle mounted on the Kistler three-axis force 
transducer and the transducer was mounted on the saddle of the small workshop lathe. 
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Its axis was aligned with that of the lathe by careful measurements. Micro drills were 
held in the drilling transducer gripped in the three-jaw chuck of the lathe. A sensitive 
dial gauge is employed to monitor the adjustments to the position of the transducer in 
the chuck and to the centring of the drills in the transducer.  
 
Figure 2.32: Experiment setup of preliminary ultrasonically assisted micro drilling 
 
Figure 2.33: Examples of PCB specimens  
The drilling in the small specimens of PCB could then be carried out at speeds up to 
the maximum permitted by the router motor. It was necessary to rotate the drilling 
transducer in order to provide the mechanical drive to feed the rotating specimens on 
the router motor into the micro drills. The feed rate could thus be varied over a wide 
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range depending on the settings on the lathe. The speed of the router motor could also 
be varied over a wide range by controlling the supply voltage.  
2.5.4.2 Results and Discussion 
A substantial reduction of the cutting force has been observed for all drill sizes at low 
rotational speed when ultrasonic vibration is applied. Representative results are shown 
in Figure 2.34. As shown, “Non” represents the thrust force without ultrasonic 
vibration while “U/s” represents the thrust force with ultrasonic vibration. This is a 
comparative study of forces in different drilling mechanisms, so only relative force is 
used (neither force nor time is calibrated).  
 
Figure 2.34: Relative force reduction for drill diameter of 0.3 mm at low rotational 
speed (2500 rpm) and different feed rates  
The greatest degree of force reduction was observed at slow rotational speeds and 
feed rates. The reduction in force was typically 83% of the non-ultrasonic force at 540 
rpm and a feed rate of 0.03 mm/rev, and 70% of the non-ultrasonic force at 2500 rpm 
and a feed rate of 0.03 mm/rev. 
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The degree of force reduction was found to decline drastically as the rotational speed 
and feed rate increased. At 25,000 rpm the force reduction dropped to approximately 
10% of the non-ultrasonic force over a wide range of feed rates.  
 
2.5.4.3 Limitations  
Although these initial results were positive in terms of force reduction, there are a few 
limitations in the experiment. 
(a) A router motor is employed to rotate the specimen in the experiment, and the drill 
bit is not rotating. This is because the lathe is not capable of providing high rotational 
speed. Rotation of the drill bits may cause a different dynamic response compared 
with that in the experiment as high speed rotation may have an influence on the 
resonance behaviour. 
(b) Although the rotational speed was extended to 25,000 rpm, this is still a relatively 
low speed compared with that used in the PCB industry. According to the trend 
observed in the experiment, the force reduction was decreasing drastically with 
increasing rotational speed. Thus the force reduction corresponding to higher 
rotational speeds will probably be less than the current result and this requires further 
investigation.   
(c) In order to achieve better results, low feed rates such as 0.03 mm/rev and 0.05 
mm/rev were used in the experiment. However, in industry higher feed rates are used 
in order to increase productivity, and this may also have a negative effect on force 
reduction. 
  
2.6 Other Related Research 
Research has been conducted on beam behaviour under various circumstances such as 
pretwisted, rotating, axially loaded, higher mode excited and so on (Banerjee and 
Williams 1994, Brennan 2000, Song et al. 2000, Shin and Brennan 2008, Goncalves 
et al. 2007). The wave propagation and wavenumbers on a rotating Timoshenko beam 
was investigated. It was found that the gyroscopic forces change the frequencies at 
which the flexural evanescent waves cut-on and propagate (Brennan 2000). A rotating 
cantilever beam model is presented and two simple methods are proposed in order to 
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reduce the residual vibration of the system. The methods are based on the transient 
response of the system and no control strategies are considered (Shin and Brennan 
2008). Due to the inherent similarity between a drill and a rotating beam, the work 
related to beam modelling is highly relevant and constructive to the work carried out 
in drill modelling in Chapter 4.  
There are some stability analyses done on axially oscillating beams (Hyun and Yoo 
1999). A dynamic model of an axially oscillating beam (Figure 2.35) was built and 
the dynamic stability was analysed. The method of multiple scales was adopted and 
the unstable regions in the stability diagram were discussed. As shown in Figure 2.36, 
the maximum axial speed λ and the oscillating frequency γ are the two dimensionless 
parameters for determining the stability of the system, and it is obvious that the 
largest unstable regions (hatched) exist near the first bending natural frequency, twice 
the first bending natural frequency, and twice the second bending natural frequency 
(Hyun and Yoo 1999). Similar results have been revealed in axially oscillating strings 
(Pakdemirli et al. 1994, Pakdemirli and Ulsoy 1997). High-frequency base excitation 
on a clamped-free flexible string was also discussed (Thomsen 2003b, Thomsen 
2003a). Two conditions, far-from-resonance and weak-resonance, were taken into 
account. It was shown that the equivalent bending stiffness of the string increases due 
to the high frequency excitation.  
 
Figure 2.35: Configuration of axially oscillating cantilever beam 
Reproduced from (Hyun and Yoo 1999) 
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Figure 2.36: Stability diagram for axially oscillating beams  
Reproduced from (Hyun and Yoo 1999) 
Stability of pre-twisted beams were also investigated by Liao and Dang (1992), Liao 
and Huang (1995), and Lee (1994). Euler-Bernoulli and Timoshenko’s beam theories 
are usually employed, and Hamilton’s principle is used to derive the equation of 
motion. Then Galerkin’s method is applied to obtain the finite element model of the 
system. Eigenvalue problems are solved in the search for critical buckling loads and 
critical speeds. The effect of helix angle on the elastic stability is studied and it is 
found that increasing helix angle leads to an increase in the lowest buckling load and 
decrease in the next one in the presented parametric space (Liao and Dang 1992). 
Parametric stability is studied with consideration of pretwisted angle, rotating speed 
and axial force based on the method of multiple scales (Liao and Huang 1995). The 
behaviours of stable and unstable regions are investigated with varying pre-twisted 
angle, rotational speed and axial force.   
Based on the work reviewed, for the transverse vibration of an ultrasonically assisted 
drill bit, ultrasonic vibration in the longitudinal direction can be considered as a 
parametric excitation which is different from the ordinary resonance of forced 
vibration (Thomsen 2003a, Liao and Huang 1995, Thomsen 2002). Thus, the stability 
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of transverse vibration will be investigated on the basis of parametric vibration. The 
mathematical model will be presented in Chapter 4. 
 
2.7 Summary and Gaps in Current Literature 
Previous research on the modelling of drill bits has been documented and discussed in 
this chapter. For vibration analysis, drilling force modelling and micro drilling 
modelling, increasing amounts of considerations have been implemented in the 
models to make them more adequate. Some of the dynamic characteristics of micro 
drill bits have already been reported, such as the relationship between critical 
speeds/buckling load and operating parameters, the relationship between bending 
stability and drill geometry, chatter vibration and so on. However, the research is still 
limited to conventional drilling, and the effects of ultrasonic excitation have not been 
considered.  
Many potential advantages over the conventional drilling processes have been 
revealed for UAD. However, these studies have been for relatively large sized drills, 
relatively low rotational speed and low feed rate. Also, most of the previous work is 
based on experimental studies, and more modelling work is required in order to study 
the physics of the technique. Factors such as ultrasonic parameters and rotational 
speed of the drill require further investigation. 
 
Gaps identified in the current literature are listed as follows. This thesis aims to fill 
the existing gaps listed and contribute to knowledge as mentioned in Section 1.2 
accordingly: 
• Existing FE models concentrate on the flute part of the micro drill, discarding 
the rest, and there is no efficient FE modelling technique available for 
simulating a micro drill with complicated geometry. A tool is required to 
simplify the complex micro drill model in a representative and efficient way 
for further analysis;  
• There has been no parametric vibration modelling for the UAMD process in 
order to study the ultrasonic and rotation parameters simultaneously. A 
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vibration model is required in order to study the drill’s motion with the 
asymmetric geometry, rotational effect and ultrasonic excitation considered;  
• The stability issue for transverse vibration (the potential parametric resonance 
issue) during UAMD process has not been addressed;  
• Hardly any numerical models for the nonlinear interaction force during 
UAMD can be seen;  
• UAMD experiments are very rarely reported, and no force reduction on 
UAMD has been reported for high rotational speed; 
• No correlation study has been reported between UAMD thrust forces from 
experimental data and simulation.  
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3 Hybrid Modelling of a Micro Drill with Complicated 
Geometry 
3.1 Introduction 
This chapter is comprised of four sections. Section 3.1 introduces the background of 
hybrid FE modelling for a Φ0.3 mm complicated micro drill. Section 3.2 discusses 
modal analysis for micro drill models and examines the influence of the drill shank. 
Section 3.3 presents a hybrid finite element model and evaluates it in comparison with 
a 3D solid model. Section 3.4 summarizes the chapter. 
 
For the development and evaluation of the hybrid FE model, a 3D model is built for a 
Φ0.3 mm micro drill with a 2 step shank, as shown in Figure 3.1. The basic 
dimensions are shown in Figure 3.2. The effect of the shank is examined by 
conducting modal analysis. The package used here is MSC. FEA2008r1, which 
includes MSC.Patran and MSC.Nastran. 
 
Figure 3.1: A 3D model of a Φ0.3 mm micro drill 
 
Figure 3.2: An outline of the Φ0.3 mm micro drill with basic dimensions 
 
 
shank 
flute 
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3.2 Modal Analysis  
3.2.1 Models and their boundary conditions 
A comparative study is conducted here in order to investigate the flexibility of the 
shank of the Φ0.3 mm micro drill. A 3D model is employed for the whole micro drill 
and the flute part is cut off to generate a separate flute model. A 10-node tetrahedal 
quadratic element (referred to as tet10 in MSC. FEA2008r1) is employed to mesh the 
two solids with the same meshing parameters, as shown in Figure 3.3 and Figure 3.4. 
Tet10 is chosen since it performs more accurately and more reliably in bending 
applications (MSC Software 2006) compared with lower order elements. As a second 
order element, tet10 is considered to be more suitable to mesh a solid with geometries 
such as sharp flutes and cutting lips than a first order element such as tet4. 
 
Figure 3.3: 3D solid model for the whole drill bit 
 
Figure 3.4: 3D solid model for the flute section 
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In the current model, the material used is WC, which is a typical material for micro 
drills. The material properties used are: Young’s modulus: GPaE 700= ; Poisson’s 
ratio: 3.0=ν ; Density: 34 /1058.1 mkg×=ρ (MatWeb - Material Property Data 
2010).  
The mesh on both the whole drill model and the flute model were verified against an 
aspect ratio criteria of 5 (default set in the software), and less than 5% of elements fall 
below this criteria. The maximum aspect ratio was 31.05 for the whole drill model 
and 17.38 for the flute model. The mesh quality is therefore considered to be 
acceptable for the current study.  
Constraints are used as boundary conditions in the modal analysis in order to study 
drills in a more realistic way. Here only clamped-free is used as the current study 
focuses on the flexibility and modelling of the shank. As shown in Figure 3.5, all the 
nodes on the surface of the region were constrained in 3DOF to represent the 
clamping from the collet. For the flute part model, all of the nodes on the end section 
were constrained in 3DOF to remove the flexibility of the shank, as shown in Figure 
3.6. 
 
Figure 3.5: Boundary conditions for the whole drill model 
  
  
  
 
63 
 
 
Figure 3.6: Boundary conditions for the flute model 
3.2.2 Examination of Drill Shank  
Modal analysis was conducted for both models and the natural frequencies are listed 
with descriptions in Table 3.1. A frequency range of 0 - 40 kHz is included and it can 
be seen that only bending modes were found. Torsional and longitudinal modes could 
be found in a higher frequency range, but they are not the main concern of this study. 
The bending modes appear in pairs in both lateral directions (referred to as X and Y 
directions in the present FE model) due to the ‘rod’ shape of the drill while the small 
differences between the frequencies in each pair is caused by the asymmetric flute 
structure.  
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Table 3.1: Natural modes for the whole drill model and flute model  
Mode of whole 
drill model (Hz) 
Mode of flute 
model (Hz) 
Difference (%) Description 
6081.0 6045.6 0.5821 1st bending of the flute in Y 
direction 
6348.3 6357.2 0.1402 1st bending of the flute in X 
direction 
10847 - - 1st bending of the whole drill 
in Y direction 
10878 - - 1st bending of the whole drill 
in X direction 
36000 37331 3.697 2nd bending of the flute in Y 
direction 
36912 38993 5.638 2nd bending of the flute in X 
direction 
Comparing the frequencies obtained from the two models, it can be seen that the 
bending modes of the flute exhibit an excellent agreement, as shown in Table 3.1. The 
flute model possesses the flute bending modes in the present frequency range, 
nevertheless, the bending modes of the whole drill at 10847 Hz and 10878 Hz will be 
‘missed’.   
Mode shapes for both models for comparison are shown in Figure 3.7 - Figure 3.9.  
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(a) Mode 6081.0 Hz (b) Mode 6045.6 Hz 
  
(c) Mode 6348.3 Hz (d) Mode 6357.2 Hz 
Figure 3.7: First bending modes for the flute in both the whole drill model and flute 
model: (a), (b) − bending mode of the flute in Y direction; (c), (d) − bending mode of 
the flute in X direction. 
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(a) Mode 36000 Hz (b) Mode 37331 Hz 
  
(c) Mode 36912 Hz (d) Mode 38993 Hz 
Figure 3.8: Second bending modes for the flute in both the whole drill model and flute 
model: (a), (b) bending modes of the flute in Y direction; (c), (d) bending modes of the 
flute in X direction. 
 
  
(a) Mode 10847Hz (b) Mode 10878Hz 
Figure 3.9: First bending modes for the whole drill bit model: (a) bending mode of the 
whole drill in Y direction; (b) bending mode of the whole drill in X direction. 
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3.3 Model Evaluation  
A micro drill’s shank is seen to contribute to its modal characteristics particularly at 
high frequencies. However, it can be very resource consuming to mesh the whole drill 
with solid elements. A ‘hybrid model’ is introduced here in order to improve the 
efficiency of modelling and computation as shown in Figure 3.10. The flute part is 
meshed with solid elements and the shank part with beam elements (1D elements) due 
to its simple geometry. The beam elements for the shank are shown in 3D in order to 
display the mesh in the figure.  
 
 
Figure 3.10: Illustrations of hybrid model and overlap elements 
The two parts are connected by a few overlap elements on the end section of the flute. 
The overlap elements are able to transmit 6DOF loads without introducing unrealistic 
stiffness to the model. They are created as beam elements and have the same material 
properties as the shank. The overlap elements share some of the common end nodes 
with the shank beam element and have the other end nodes spreading over the end 
section as a spider as shown in Figure 3.10. The translational forces can be 
transmitted from beam elements to solid elements via the spider connection as both 
types of the elements have translational DOFs. Moreover, the moments can be 
transmitted via the overlap beam elements and are subsequently converted into 
translational forces in the solid elements. This is due to the fact that the solid elements 
here only have translational DOFs. 
  
  
  
 
68 
 
Based on the results from the solid model for the whole drill bit, the hybrid model was 
validated. The boundary conditions were applied as shown in Figure 3.11, which 
constrains all the 6DOF of the 3 nodes in the same region as in the solid model.  
 
Figure 3.11: Boundary conditions applied to the hybrid model 
The first 6 natural frequencies are shown in Table 3.2 and mode shapes are shown in 
Figure 3.12. The natural frequencies are seen to be quite close. Comparing the mode 
shapes with those for the whole drill solid model, they are found to be quite consistent 
with each other. Hence it can be concluded that the ‘hybrid model’ is sufficiently 
representative for the whole micro drill model presented within the frequency range 
analysed.  
It is interesting to note that the natural frequencies from the hybrid model are all 
lower than those from the solid model. This difference is contributed to by the 
element connections, boundary conditions, geometry details, etc. For example, the 
connection between the solid flute and beam elements is slightly less rigid compared 
with that in the solid model. This can lead to lower predicted frequencies for the 
modes. Also, in the hybrid model, the 6DOF constraint is applied to the three nodes 
on the 1D beam elements whereas in the solid model it is applied to all the surface 
nodes in the same region. This will cause some effects on the modal results. 
Nevertheless, the difference is considered to be acceptable for the current study of 
bending vibration. 
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Table 3.2: Natural modes for solid model and hybrid model 
Solid model 
(Hz) 
Hybrid model 
(Hz) 
Difference (%) 
Description 
6081.0 5860.7 3.622759 1st bending of the flute 
in Y direction 
6348.3 6099.7 3.916009 1st bending of the flute 
in X direction 
10847 9750.7 10.10694 1st bending of the whole 
drill in Y direction 
10878 9754.5 10.32819 1st bending of the whole 
drill in X direction 
36000 34564 3.988889 2nd bending of the flute 
in Y direction 
36912 35320 4.312961 2nd bending of the flute 
in X direction 
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(a) 5860.7 Hz (b) 6099.7 Hz 
  
(c) 9750.7 Hz (d) 9754.5 Hz 
  
(e) 34564 Hz (f) 35320 Hz 
Figure 3.12: Mode shapes of hybrid model 
 
The normal mode analysis was conducted in the MSC.FEA environment using a 
computer with an Intel(R) Core(TM) 2 Duo CPU T8300 @ 2.40GHz and 3.50 GB 
RAM. A comparison of the two presented models is shown in Table 3.3 and dramatic 
reductions are seen in the number of elements, number of DOFs and computation 
time. Particularly, the computation time has been reduced by 94.68% by using the 
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hybrid model and this advantage should be even more pronounced and beneficial for 
finer meshes and more advanced simulations (e.g. nonlinear or transient analysis). 
Table 3.3: Comparison of calculation efficiency between solid model and hybrid 
model 
 Solid model Hybrid model Reduction (%) 
No. of elements 14891 2156 85.52 
DOF 68961 12858 81.35 
Computation Time (s) 43.765 2.328 94.68 
 
3.4 Summary 
From the modal analysis conducted, a Φ0.3 mm micro drill’s shank is seen to have a 
considerable influence on its modal characteristics, particularly on higher modes. The 
first bending modes in both transverse directions of the whole drill model and flute 
model have very close frequencies. Nevertheless, neglecting the shank will ‘lose’ 
bending modes for the whole drill within the frequency range of ultrasonic 
application. A hybrid model was therefore developed to include the whole micro drill 
using more efficient elements. The presented hybrid model provided sufficiently 
consistent modal analysis results when compared with a modest mesh density solid 
model, but the hybrid model has a much higher computational efficiency. 
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4 Vibration Modelling of Ultrasonically Assisted Micro 
Drilling 
4.1 Introduction 
As reviewed in Chapter 2, most of the previous work on UAD has been based on 
experimental studies, and there is little published modelling work, particularly on 
UAMD. Further understanding of the physics of the machining process is required in 
order to develop the technique and improve the application. Representative models, 
which can reflect the vibration characteristics of a micro drill under ultrasonic 
vibration, are important for the modelling of the technique. To simplify comparisons 
between modelling and experiments, a Φ1 mm standard drill is used from now on for 
vibration analysis, force modelling and in the experimental study. 
This chapter comprises five sections. In Section 4.2, a FE model for the Φ1 mm micro 
drill bit is built up with fixed – simply supported boundary condition. Normal modes 
are solved for vibration modelling and modal characteristics are studied. The hybrid 
model is not adopted here, due to the relatively simpler geometry of the Φ1 mm drill 
compared with the Φ0.3 mm one. In Section 4.3, a 1DOF analytical model of an 
ultrasonically assisted micro drill based on Euler-Bernoulli’s beam theory is 
presented. Bending stiffness is discussed with influences of rotation and ultrasonic 
vibration considered. In Section 4.4, to allow further investigation of the bending 
vibration characteristics, a 2DOF model approach is used to solve the transverse 
vibration of the drill bit in the two orthogonal directions using boundary conditions 
consistent with the FE model. This allows consideration of the centrifugal and 
Coriolis forces simultaneously within the rotating reference frame. Fundamental 
modes in both transverse directions are considered and natural frequencies from the 
FE model in Section 4.2 are adopted. Potential parametric resonance cases are 
studied. Transverse vibration characteristics are discussed considering effects from 
ultrasonic vibration, rotational speed and Coriolis force. 
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4.2 Finite Element Modelling of a Φ1 mm Drill Bit 
This section presents a FE model of a Φ1 mm micro drill bit and prepares the 
foundation for further vibration analysis and numerical simulation in Section 4.4. The 
package used here is again MSC. FEA 2008r1.  
 
4.2.1 Geometry and Material Properties 
In this study, a 3D model is built for the Φ1 mm micro drill (standard type of PCB 
drill), as shown in Figure 4.1.  The basic dimensions are shown in Figure 4.2. As 
shown, the total length of the drill is 38.1 mm and the shank diameter is 3.175 mm as 
required by the relevant international standard (IPC-DR-570A 1994). For this Φ1 mm 
drill, the flute length is 10.5 mm and the point angle 130 degrees. The material 
properties used are the same as those used in Chapter 3.  
 
Figure 4.1: A 3D model of a Φ1 mm standard micro drill 
 
 
Figure 4.2: An outline of the Φ1 mm standard micro drill with basic dimensions 
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4.2.2 Mesh and Boundary Conditions  
The geometric data of the micro drill which was supplied by Dormer Tools was 
imported into Hypermesh v9.0 and meshed with solid element tet10. The meshed 
model is shown in Figure 4.3. It can be seen that in order to accurately represent the 
geometric details, the flute part is meshed with finer elements.  
 
Figure 4.3: Meshed Model for the 1mm micro drill 
The model meshing was checked for element aspect ratio, skew angle and Jacobian 
ratio. For aspect ratio, 3% of the elements fall below the package default criteria of 5. 
The maximum aspect ratio is 8.91. Most of the poor elements are along the flute of 
the drill, as shown in Figure 4.4.  
 
Figure 4.4: Elements with poor aspect ratios (in white) 
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3% of the elements fall below the skew criterion of 60º, and the maximum skew angle 
is 78.33º. The failing elements are located very similarly to the elements failing the 
aspect ratio test, as shown in Figure 4.5. All elements passed the Jacobian ratio test 
when the criterion was set as 0.7. 
 
Figure 4.5: Elements with poor skew angles (in white) 
In order to improve the meshing quality, the elements with poor aspect ratio and skew 
angle were all fixed in Hypermesh v9.0. Then the model is imported into MSC.FEA 
for analysis.  
As mentioned in Chapter 2, the boundary conditions of a drill bit should be applied in 
accordance with the drilling stages to be simulated (Gong 2001, Chen 2007), as 
shown in Table 2.2. The fixed - simply supported boundary condition corresponds to 
the initial stage of penetration. The initial stage of penetration is regarded as the most 
dangerous stage in the drilling process, i.e. the drill bit has the highest probability to 
lose its bending stability at this moment. After the drill bit penetrates into the material, 
the bending stability improves as the boundary condition at the material end 
increasingly corresponds to clamping rather than to initial free support. As a result, 
fixed - simply supported boundary conditions are used for the vibration analysis in 
this chapter. 
 
An illustration of the micro drill bit with the boundary conditions applied is shown in 
Figure 4.6. Considering the fact that the nodes on the solid elements only have 3 
translational DOFs, the nodes in the region of the connection from the drill to the 
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collet (Region A in Figure 4.6) are constrained in all the 3DOFs, whilst the nodes at 
the tip of the drill bit (Region B in Figure 4.6) are also constrained in 3DOFs. Due to 
the relatively large width of Region A, the drill can be considered as ‘fixed’ at the 
shank end. As the width of Region B in the axial direction can almost be neglected, 
the boundary condition at the tip end can represent the simply - supported concept 
(Moments about transverse axes are allowable). The modal characteristic obtained 
based on this boundary condition is believed to be representative in further vibration 
analysis. 
 
Figure 4.6: An illustration of the micro drill bit with boundary conditions  
 
4.2.3 Modal Analysis  
Prior to modal analysis, excitation of the micro drill during the operating process in 
this work should be analysed. The rotational speed was varied from 20 krpm to 100 
krpm; Longitudinal ultrasonic vibration may vary from 10 kHz to 100 kHz; Reaction 
from the material consists of thrust force, torque and lateral forces, and their 
oscillating frequencies are dependent on the rotational speed and ultrasonic vibration 
superimposed, and the dynamic characteristics of the drill.  
The Lanzcos mode extraction method was used in MSC. Patran and a frequency range 
of 0 – 100,000 Hz is searched for normal modes of the micro drill. The first 6 modes 
are elaborated as follows. The modes at 13614 Hz and 13729 Hz are the fundamental 
bending modes in the transverse directions. They will be used in Section 4.4 for 
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2DOF vibration analysis. The small difference between the frequencies is due to the 
asymmetric geometry of the micro drill. 
The modes at 33414 Hz and 36056 Hz are bending modes for the flute part only. As 
shown in Figure 4.9 and Figure 4.10, the shank is not involved and the main 
contributions of the modes are from the flutes. 
 
Figure 4.7: Mode 1 at 13614 Hz 
 
 
Figure 4.8: Mode 2 at 13729 Hz 
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Figure 4.9: Mode 3 at 33414 Hz 
 
 
Figure 4.10: Mode 4 at 36056 Hz 
 
The modes at 70881 Hz and 72903 Hz are second bending modes of the whole drill in 
both transverse directions. Two nodal points can be observed in the shank and the 
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middle of the flute for each mode. The modes are not very likely to be excited due to 
the excitation frequency used in the current study.  
 
Figure 4.11: Mode 5 at 70881 Hz 
 
 
Figure 4.12: Mode 6 at 72903 Hz 
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4.3 1DOF Model  
In terms of the transverse vibration modelling and stability analysis, the two 
transverse DOFs are of great interest. In order to present the system more clearly and 
study the physics of the transverse vibration, the drill bit is simplified into a 
continuous and uniform rod for analytical modelling. For subsequent numerical 
analysis, two fundamental modes of the drill will be considered. The geometric 
characteristics, material and boundary conditions are included via the modal 
information from FEA (Section 4.2.3). The simplified model is considered to be 
representative for transverse vibration study in the current application. 
  
As a preliminary study, only the vibration in one dimension will be considered in this 
section. For the purpose of clarity in the qualitative analysis, the damping is not 
included here. 
 
The free body diagram of an infinitesimal length of the uniform rod is shown in 
Figure 4.13. As shown, axial force Pt, shear force Sη and bending moment Mξ are 
considered in a rotating reference frame. Centrifugal force is included as an inertial 
force to introduce the effect of rotation. It should be noted that the Coriolis force is 
not considered in this 1DOF model, and this is to keep the model simplified in one 
dimension without any coupling (the Coriolis force will introduce coupling terms 
between the two orthogonal transverse directions).  
O z +∆zz
η
η +∆η P(t)P(t)
Sη
(m∆z)aη
Sη+∆Sη
Mξ
Mξ+∆Mξ
η
z
 
Figure 4.13: Free body diagram of an infinitesimal element 
For equilibrium on the Oηz-plane, summing up forces in the η-direction yields: 
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0=
∂
∂
+
z
S
ma
η
η  (4.1) 
where ηηη 2Ω−= &&a  is the absolute acceleration in the direction of Oξ, in which 
η2Ω−  is the centrifugal acceleration. 
Equilibrium of the moments about the centroid of the segment gives:  
z
P
z
M
S t ∂
∂
+
∂
∂
=
ηξ
η  (4.2) 
Substituting (4.2) into (4.1) and using the moment-curvature relationship 
2
2
z
EIM
∂
∂
=
ξ
ηη  yields: 
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z
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z
m t
ηηηη ξ&&  (4.3) 
Assuming the boundary condition as fixed – simply supported and considering only 
the fundamental mode, a solution for the transverse motion can be written as follows: 
L
z
L
z
tq piη sin)(=  (4.4) 
where )(tq  represents the modal coordinate of the drill bit, and 
L
z
L
z pi
sin  is the test 
function which satisfies the essential boundary condition (fixed – simply supported).  
Substituting Equation (4.4) into Equation (4.3), we have:  
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where 

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


+−+−+Ω− )cot2()cot4( 2
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3
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4
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L
z
LzLm
P
L
z
zLLm
EI t pipipipipipi
 represents the effective 
bending stiffness of the drill bit. It can also be seen from the expression that 
)cot4( 3
3
4
4
L
z
zLLm
EI pipipi
−  takes into account the inherent stiffness (static stiffness) of the 
drill, whilst 2Ω− and )cot2( 2
2
L
z
LzLm
Pt pipipi +−  represent the effect of the rotation and 
longitudinal excitation respectively. 
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4.4 2DOF Model  
In Section 4.3, we established a one dimensional model for the transverse vibration of 
a drill bit and discussed the equivalent stiffness considering rotational speed, 
ultrasonic frequency and ultrasonic amplitude. Nevertheless, a more realistic approach 
is to use a 2DOF model to describe the transverse vibration in the two orthogonal 
directions. This allows consideration of centrifugal force and Coriolis force in a 
rotating reference frame, which will introduce coupling terms between the two DOFs. 
The drill bit is still considered as a uniform rod and only the fundamental bending 
modes are considered. 
The excitation from ultrasonic vibration is considered as a periodic load in the axial 
direction. For the sake of simplicity here it is considered as a sinusoidal function of 
time. To concentrate on the key operating parameters for UAMD, misalignment 
between the spindle axis and drill’s axis is neglected and transverse vibration of the 
drill is assumed to be determined by the initial conditions, modal characteristics, 
rotation and ultrasonic excitation only.   
A rotating reference frame is introduced here. The rotor is rotating at a speed of Ω and 
subject to a time varying axial load Pt. The non-rotating Cartesian coordinates xyz and 
the rotating coordinates ξηz (rotating with the shaft about the z-axis with an angular 
velocity Ω) are used to describe the motion of the system. An infinitesimal part, ∆z, of 
the rod is shown in Figure 4.14. aη and aξ are accelerations in the rotating reference 
frame. x and y are used to denote the displacements of the shaft in the directions of Ox 
and Oy, while ξ and η denote the displacements in the directions of Oξ and Oη, 
respectively.  
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Figure 4.14: An infinitesimal element of the rod model 
In considering the asymmetrical geometric characteristic of the drill in transverse 
DOFs, the stiffness of the shaft cross section for bending parallel to axes Oξ and Oη 
are represented by EIξ and EIη, respectively. EIξ and EIη are assumed to be uniform 
here along the axial direction and their influence will be included in natural modes 
from the modal analysis in Section 4.2. For the rotating beam element, free body 
diagrams are shown in Figure 4.15.  
O
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η
z
 
(a) (b) 
Figure 4.15: Free body diagram of an element on the Oξz-plane and Oηz-plane 
Adapted from (Xie Wei-Chau 2006) 
m is the mass of the element, and Sξ,η and Mξ,η are the shear force and bending 
moment respectively. Summing up the forces in the ξ-direction on the Oξz-plane 
gives: 
  
  
  
 
84 
 
0=
∂
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+
z
S
ma
ξ
ξ  (4.6) 
where ξηξξ 22 Ω−Ω−= &&&a  is the absolute acceleration in the direction of Oξ, in 
which η&Ω− 2  is the Coriolis acceleration and ξ2Ω−  is the centrifugal acceleration. 
Equilibrium of the moments at about the centroid of this element gives: 
z
P
z
M
S t ∂
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+
∂
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ξη
ξ  (4.7) 
Using the moment-curvature relationship and substituting (4.7) into (4.6) leads to the 
following equation of motion in the ξ-direction: 
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Similarly for equilibrium on the Oηz-plane, summing up forces in the η-direction 
yields: 
0=
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+
z
S
ma
η
η  (4.9) 
where ηξηη 22 Ω−Ω+= &&&a  is the absolute acceleration in the direction of Oξ, in 
which ξ&Ω2  is the Coriolis acceleration and η2Ω−  is the centrifugal acceleration. 
Equilibrium of the moments about the centroid of the segment gives: 
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M
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Substituting (4.10) into (4.9) and using the moment-curvature relationship again 
yields: 
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So far we have Equation (4.8) and (4.11) to determine the motion for the 2DOFs 
without a damping effect. Both equations can be reduced to the 1DOF model 
(Equation (4.3)) by simply neglecting the gyroscopic terms. 
There are two types of damping here for the rotating rod model, internal damping and 
external damping. Internal damping is due to the friction within the rotating rod, 
whereas external damping arises from the friction between the rotating and stationary 
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parts such as bearings and stands (Xie Wei-Chau 2006). For the UAMD system, 
where air bearings are employed (this will be elaborated in Section 6.3), there is 
insignificant external damping due to the near frictionless bearing support. Thus only 
internal damping is considered here. 
Assuming that Di represents the coefficient of internal damping, one observes that the 
equations of motion will have additional terms ξ&iD and η&iD  in the rotating reference 
frame as follows: 
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As in the 1DOF modelling, the shaft is modelled as fixed - simply supported and the 
essential boundary condition can be expressed as:  
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(4.14) 
 
Considering only the fundamental mode in both directions, the solutions can be 
written as:   
L
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tqtz piξ sin)(),( 1= , L
z
L
z
tqtz piη sin)(),( 2=  (4.15) 
where q1(t) and q2(t) are modal coordinates and L
z
L
z pi
sin  is the test function which 
satisfies the essential boundary condition (Equation (4.14)). 
Based on Equation (4.15) we have: 
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Substituting Equation (4.15) - Equation (4.19) into Equation (4.12) results in: 
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Multiplying Equation (4.20) with 
L
z
L
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sin  and integrating both sides over [0 L], and 
in parallel considering:  
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We have: 
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Equation (4.21) can be rewritten as:  
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Assuming the following notations, 2,1ω  represent the natural frequency of the rod in 
the stationary reference frame, we have: 
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Similarly, for the other DOF we have: 
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In Equation (4.23) and Equation (4.24), the gyroscopic terms 22 q&Ω− and 12 q&Ω+ , 
which arise from the Coriolis force, introduce a coupling between the two 
coordinates. This is a gyroscopic system under parametric excitation Pt, which is the 
oscillating axial force applied to the drill bit. 
 
4.4.1 Equation in Matrix Form 
The equations of motion can be written in the matrix form as:  
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For simplicity of analysis, the time varying axial load is considered 
as )2cos(10 tfPPP ut pi+= , where P0, P1 and fu are the static axial force component, 
dynamic axial force component (Ultrasonic excitation amplitude) and axial excitation 
  
  
  
 
88 
 
frequency (Ultrasonic frequency) respectively. The following numerical simulations 
will be based on this model. 
 
4.4.2 Parametric Space 
For ultrasonic excitation, five frequencies (10.1 kHz, 12.5 kHz, 19.0 kHz, 25.9 kHz 
and 34.9 kHz) were chosen from the resonance frequencies of the transducer-
workpiece system described in the experimental chapter (Section 6.3.2). Apart from 
these frequencies, two parametric resonance (2f1 and 2f2) frequencies are also used 
here in order to illustrate the parametric instability. 
The rotational frequencies (Ω) were chosen to be 20 krpm, 40 krpm, 60 krpm, 80 
krpm and 100 krpm to study their influence on the vibration stability. These rotational 
frequencies are also from the UAMD experiments described in Chapter 6. 
Axial force in the drilling process is determined by drill geometry, rotational speed, 
feed rate and vibration of the drill bit with ultrasonics superimposed. Different axial 
forces (20 N, 40 N, 60 N, 80 N, 100 N and 250 N) were chosen in order to study their 
effect on the bending vibration in the drill.  
 
4.4.3 Numerical Simulation  
A mathematical model corresponding to Equation (4.25) was built in MATLAB7.5.0 
(R2007b) and numerical simulations were conducted to investigate the vibration of 
the system. 
The bending natural frequencies from the FE analysis of the Φ1 mm micro drill are 
used, i.e. the asymmetric geometric characteristic of the micro drill is represented by 
its bending frequencies in this vibration analysis. Based on the FE analysis in Section 
4.2.3, two bending modes (f1=13614 Hz and f2=13729 Hz) of the drill bit in the two 
transverse directions are considered here.  
For an ultrasonic excitation system, it is usually designed to be a high quality factor 
(low damping) system for the sake of wave propagation (Thomas 2008). Thus the 
internal damping ratio (βi) for transverse vibration is considered as a typical value 
(0.002) for the current ultrasonic system.  
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In order to examine stability of the solutions in the time domain, a typical radial 
dynamic runout of 10 µm was specified as an initial condition for both transverse 
coordinates (Wile 1989), (Westwind Air Bearings 2007). Initial velocities were set as 
zero. All the simulations were run for 0.01 sec and a generic Ordinary Differential 
Equation (ODE) solver (ode45) was employed. The solver is based on an explicit 
Runge-Kutta formula.  
The simulation condition is shown in Table 4.1. The parameters in the table were kept 
constant during all the simulations in this section and other parameters were varied for 
the purposes of the study. Ultrasonic vibration frequency, amplitude, rotational 
frequency and Coriolis force were investigated in the numerical simulation for 
stability analysis.  
Table 4.1: Constant simulation parameters 
Parameter Value 
Drill mass 0.003 kg 
Drill length 38.1 mm 
Static axial force 5 N 
Damping ratio 0.002 
Simulation duration 0.01 sec 
 
 
4.4.3.1 Parametric Resonance Cases (Without Rotational Effect) 
In this section, the effect of ultrasonic frequency is discussed in the absence of 
rotation. This illustrates the parametric resonances of the system under ultrasonic 
excitation and allows us to understand the system when no rotational effect is 
considered. A stable case when fu is below the 1st resonance frequency and two 
subharmonic resonance cases are demonstrated here.  
Time histories and phase planes are presented to show the trend and characteristics of 
the solution and how the operating parameters affect the stability of the transverse 
vibration. The trends of the time histories of the modal coordinates are representative 
for the displacements and thus can be examined for the solution behaviour. Phase 
planes (velocity vs. displacement) for Equation (4.25) are plotted to illustrate the 
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stability of the system with spirals etc. To show a clearer trend of the solution (stable 
or unstable) in the phase plane, only a few cycles in the end of the simulation were 
plotted. 
 
A Stable Example  
When the ultrasonic excitation frequency is a non resonant frequency of the system, 
the transverse vibration is stable. An example for this case is illustrated in Figure 4.16 
when fu = 10.1 kHz. It can be seen from the time traces and phase planes that the 
solutions show stable characteristics. The axial excitation force due to ultrasonic 
excitation of the workpiece is shown in Figure 4.17.  
 
  
Figure 4.16: Time histories and phase planes for q1 and q2 when fu = 10.1 kHz 
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Figure 4.17: Axial parametric excitation force  
 
Unstable Examples 
When the excitation frequency equals a parametric resonance frequency of the 
system, e.g. twice the natural frequency, the solutions show unstable characteristics in 
the coordinate excited. A pronounced diverging trend can be seen in the following 
simulations. 
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Figure 4.18: Time histories and phase planes for q1 and q2 when fu=2f1 
 
When fu=2f1, the solution and phase planes of q1 and q2 are shown in Figure 4.18, it 
can be seen that q1 goes unstable under the excitation whilst q2 still shows certain 
periodic characteristics in the time domain. In the phase planes, q1 is driven by the 
parametric excitation energy to spiral outward from the original point – initial 
condition (0.00001, 0) and reaches a displacement of 0.000045 and a velocity of 4 m/s 
within the simulation duration. q2 also starts from (0.00001, 0) but the orbit repeats 
itself within the displacement limitation (-0.00001 m < q2 < 0.00001 m) despite the 
increase in velocity. It has to be noted that the two phase planes are plotted in 
different scales.   
When fu=2f2, the solutions and phase planes of q1 and q2 are shown in Figure 4.19. 
Contrary to the case when fu=2f1, q2 is found to become unstable whilst q1 is stable 
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during the simulation. The phase planes show an opposite situation to the previous 
case. 
Nevertheless, it should be noted that the velocity of the coordinate which is 
parametrically excited (q2 in Figure 4.18 and q1 in Figure 4.19) is increased because 
the coupling between the 2 DOFs transfers energy between them. 
 
  
Figure 4.19: Time histories and phase planes for q1 and q2 when fu=2f2 
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system in the rotational reference frame were represented by f1r and f2r. Only the 
excitation frequency was changed in the following cases. The dynamic axial force 
was 60 N and rotational speed 20000 rpm for all the cases. The time trace results are 
shown in Figure 4.20 - Figure 4.26. It is shown that vibration stability is quite 
sensitive to some particular frequencies, although not the parametric resonance 
frequencies. 
 
Figure 4.20: Time histories for q1 and q2 when fu=10.1 kHz 
 
Figure 4.21: Time histories for q1 and q2 when fu=12.5 kHz 
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Figure 4.22: Time histories for q1 and q2 when fu=19.0 kHz 
 
Figure 4.23: Time histories for q1 and q2 when fu=25.9 kHz 
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Figure 4.24: Time histories for q1 and q2 when fu=34.9 kHz 
 
Figure 4.25: Time histories for q1 and q2 when fu=2 f1r =26.666 kHz 
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Figure 4.26: Time histories for q1 and q2 when fu=2 f2r =28.019 kHz 
 
Figure 4.27: Time histories for q1 and q2 when fu=27.220 kHz 
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Figure 4.28: Time histories for q1 and q2 when fu=27.450 kHz 
It can be seen that there is no clear trend in the stability of the transverse vibration 
when the ultrasonic frequency is increasing. The vibration shows very similar 
characteristics when the ultrasonic excitation frequency varies from 10.1 kHz to 34.9 
kHz. It is interesting to note that the parametric resonance from the subharmonics has 
been stabilized by the rotational effect. When the ultrasonic excitation frequency was 
27.220 kHz and 27.450 kHz, which were calculated from the square root of the 
equivalent stiffness term considering the rotational effect, the solutions became 
unstable.   
 
Simulations with rotational speeds of 40000, 60000, 80000, 100000 rpm were also 
run and similar trends found. Thus the effect of the excitation frequency is not 
significantly dependent on the rotational speed in the current study.  
 
4.4.3.3 Effect of Ultrasonic Vibration Amplitude (Axial Force Level) 
Different axial force levels (20 N, 40 N and 60 N) were chosen in order to study their 
effect on bending vibration in the drill.  Some high force levels (80 N, 100 N and 250 
N) were also used to study instability behaviour at particular frequencies. Although 
these high forces are not likely to occur in PCB drilling, they are possible in other 
micro drilling applications, such as metal drilling. Rotational speed was kept constant 
at 20000 rpm, but ultrasonic excitation frequency was varied in order to study the 
influence of axial force levels at different excitation frequencies. 
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When ultrasonic excitation frequency is a non resonant frequency (10.1 kHz), the 
vibration of the 2 DOFs with different axial excitation levels are shown in Figure 4.29 
- Figure 4.34:. 
 
Figure 4.29: Vibration time histories when dynamic axial force is 20 N 
 
Figure 4.30: Vibration time histories when dynamic axial force is 40 N 
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Figure 4.31: Vibration time histories when dynamic axial force is 60 N 
 
Figure 4.32: Vibration time histories when dynamic axial force is 80 N 
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Figure 4.33: Vibration time histories when dynamic axial force is 100 N 
 
Figure 4.34: Vibration time histories when dynamic axial force is 250 N 
 
When ultrasonic excitation frequency fu=2f1r =26.666 kHz, the vibration of the 2 
DOFs are shown in Figure 4.35 - Figure 4.40. 
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Figure 4.35: Vibration time histories when dynamic axial force is 20 N 
 
Figure 4.36: Vibration time histories when dynamic axial force is 40 N 
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Figure 4.37: Vibration time histories when dynamic axial force is 60 N 
 
Figure 4.38: Vibration time histories when dynamic axial force is 80 N 
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Figure 4.39: Vibration time histories when dynamic axial force is 100 N 
 
Figure 4.40: Vibration time histories when dynamic axial force is 250 N 
It can be seen that the vibrations are all stable as the dynamic axial force increased 
from 20 N to 100 N. However, in contrast to the case when fu = 10.1 kHz, the 
transverse vibration becomes unstable when the dynamic axial force equals 250 N. In 
order to illustrate this instability, the phase planes for q1 and q2 are shown in Figure 
4.41 and Figure 4.42. It can be seen from the last few cycles that q1 and q2 are 
becoming unstable in different phases. 
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Figure 4.41: Phase planes during the whole 0.01 sec simulation  
 
Figure 4.42: Phase planes during the last 3 cycles (500 samples) 
 
When the excitation frequency fu=2f2r =28.019 kHz, the vibrations of the 2DOFs 
share a similar behaviour, as shown in Figure 4.40. 
 
4.4.3.4 Effect of Rotational Speed 
In the current time domain simulation, the effect of rotational frequency was analysed 
for two cases. In Case 1 the ultrasonic frequency (fu) was considered as a constant 
excitation frequency and in Case 2 it was varied with the natural frequency of the 
system, keeping the system at resonance at all times. 
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Effect of Rotational Speed When Ultrasonic Frequency is Constant 
Different rotational speeds are applied to the model when the ultrasonic frequency is 
kept constant as 10.1 kHz, which is a non resonant frequency as shown in Section 
3.4.3.1. 
 
The simulation results for Ω=20 krpm, Ω=40 krpm, 60 krpm, 80 krpm and 100 krpm 
are shown in Figure 4.43 - Figure 4.47 respectively. 
 
Figure 4.43: Vibration time histories when Ω=20 krpm 
 
Figure 4.44: Vibration time histories when Ω=40 krpm 
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Figure 4.45: Time Vibration time histories when Ω=60 krpm 
 
Figure 4.46: Vibration time histories when Ω=80 krpm 
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Figure 4.47: Vibration time histories when Ω=100 krpm 
The results change with increasing rotational frequency, and they all demonstrate 
periodic characteristics within the simulation duration. It can be seen that the 
modulation frequency increased with increasing rotational frequency and the ‘beats’ 
are replaced by multiple harmonic vibrations at higher rotational speeds.  
The main reason for the stability here is that 10.1 kHz is a non-resonant frequency for 
the system. If we set the excitation frequency as either 2f1 or 2f2, the system will 
become resonant when Ω = 0 krpm, as shown in 4.4.3.1. However, the resonance will 
vanish as soon as the rotational frequency changes (because the rotational frequency 
modifies the natural frequency of the system in the rotating reference frame). Hence 
the system can still be stabilized by the increasing rotational frequency when the 
parametric excitation frequency is a constant value as the resonance frequency is 
shifted. 
 
Effect of Rotational Speed When Excitation Frequency is the Parametric Resonant 
Frequency 
Contrary to the previous simulation, the ultrasonic excitation frequency is kept at the 
primary resonance frequency for q1 as different rotational frequencies are applied. In 
each rotational speed case, the parametric resonance frequency is recalculated 
considering the effect of rotation and the ultrasonic excitation frequency is tuned to 
the recalculated frequency. 
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As shown in Figure 4.18, the system is unstable when Ω = 0 rpm. Simulation results 
for Ω= 20, 40, 60, 80 and 100 krpm are shown in Figure 4.48 - Figure 4.52 
respectively. 
 
Figure 4.48: Time history for q1 and q2 when Ω = 20 krpm 
 
Figure 4.49: Time history for q1 and q2 when Ω = 40 krpm 
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Figure 4.50: Time history for q1 and q2 when Ω = 60 krpm 
 
Figure 4.51: Time history for q1 and q2 when Ω = 80 krpm 
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Figure 4.52: Time history for q1 and q2 when Ω = 100 krpm 
It can be seen that the transverse vibration becomes stable as the rotational speed 
increases from 20 krpm to 100 krpm. The trend towards instability in Figure 4.48 (as 
shown by the diverging arrows) fades out as Ω increases. Thus a high rotational speed 
can stabilize the system even when the ultrasonic frequency is tuned to the primary 
parametric resonance frequency at all times. This implies that the benefit of high 
rotational speed in UAMD application is not only in productivity but also in 
stabilization of the lateral vibration even when the drill is parametrically resonating. 
 
4.4.3.5 Effect of Coriolis Force 
The Coriolis force is a type of inertial force which only occurs in a rotating reference 
frame. It is proportional to the speed of rotation and leads to the gyroscopic effects in 
the system. This section focuses on the effect of the Coriolis force due to the rotation 
of the system. Ultrasonic excitation frequency and rotational speed are set at 10.1 kHz 
and 20 krpm (≈ 333.3 Hz) respectively during these simulations.  
 
Without Coriolis Force 
When gyroscopic terms are not included in the equations there is no coupling between 
the two coordinates of the system. This applies to the scenarios when the rotational 
speed is so low that the gyroscopic effect is not pronounced. As shown in Figure 4.53, 
the time history shows periodic characteristics and the motion in each coordinate is 
dominated by the natural frequency.  
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Figure 4.53: Time histories for q1 and q2 without Coriolis force  
(fu=10.1 kHz, Ω=20 krpm) 
 
With Coriolis Force 
At high rotational speeds, the influence of Coriolis forces cannot be neglected. Time 
histories with Coriolis force considered are shown in Figure 4.54. In both coordinates, 
the vibration is modulated by a low frequency component, which coincides with the 
rotational frequency (20 krpm). This implies that Coriolis force not only introduces 
coupling between the coordinates but also generates a modulation of the free 
vibration. As shown in the figure, the motions look like ‘beats’ with a period of 2π /Ω 
sec. The phase planes illustrate very similar characteristics in both coordinates and the 
system is stable. 
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Figure 4.54: Time histories for q1 and q2 with Coriolis force 
 (fu=10.1 kHz, Ω=20 krpm) 
 
4.5 Summary 
In this chapter, a 1DOF analytical model was established to investigate the dynamic 
stiffness of a Φ1 mm micro drill bit based on Euler-Bernoulli’s beam theory. Bending 
vibration is mainly discussed based on the analytical model with the consideration of 
centrifugal force. Ultrasonic vibration is considered as a parametric excitation to the 
system. Based on the 1DOF model, a 2DOF model is built considering rotation and 
the ultrasonic parametric excitation to describe the transverse vibration of a rotating 
micro drill. The asymmetric geometric characteristics of the drill bit were considered 
by using the first two fundamental modes from the FE model in the 2DOF vibration 
analysis. Potential parametric resonances are illustrated in the numerical simulation. 
Vibration characteristics are also discussed with varying parameters such as ultrasonic 
frequency, ultrasonic amplitude and rotational speed.  
It is found that the parametric resonances induced by ultrasonic vibration tend to be 
stabilized by the high rotational speeds. The system becomes unstable at parametric 
resonant frequencies when the ultrasonic amplitude exceeds a certain threshold. 
Coriolis force introduces a rotational frequency dependent modulation of the vibration 
in both coordinates.  
2π/Ω 
2π/Ω 
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5 Nonlinear Thrust Force Modelling in UAMD 
5.1 Introduction 
During the vibration modelling presented in Chapter 4, the thrust force was assumed 
to be comprised of a static component and a dynamic component which follows a 
simple sinusoidal oscillation at the same frequency as the ultrasonic excitation 
frequency. This is a simplification as the chapter concentrated more specifically on 
transverse vibration analysis. It is however necessary to develop a more realistic force 
model in order to consider the nonlinear vibro-impact nature of the UAMD process 
for future incorporation into a more complete drill vibration model. This chapter 
concerns modelling this nonlinear thrust force. An analytical model for nonlinear 
contact forces from the literature (Astashev, Babitsky 2007) is adapted and a 
nonlinear numerical model is developed in order to study the dynamic characteristics 
of the interaction force between the tool and workpiece. In particular, thrust force 
modelling with vibration superimposed onto the drilling process is discussed.  
 
The chapter consists of four sections. Section 5.2 introduces the analytical model and 
its assumptions, and explains the adaption made for the current study. Force reduction 
in the UAD process will also be explained qualitatively. Section 5.3 introduces the 
numerical model and studies the results for various parameter combinations. 
Limitations of the current model are also discussed. Section 5.4 summarizes the 
chapter. 
 
5.2 Analytical Solution 
The process of material deformation and cutting tool vibration under vibration loading 
are discussed in work by (Astashev, Babitsky 2007) analytically. The material was 
assumed to be ideal elastic-plastic and the tool vibration motion assumed to be a pure 
sinusoid. A piecewise function for the nonlinear interaction force between the tool 
and workpiece was introduced and its characteristics studied.  
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The analytical model has been adapted in such a way that the sinusoidal vibration is 
applied on the workpiece rather than the cutting tool (as shown in Figure 5.1). Despite 
this, the relative motion between the workpiece and tool will still occur as a 
summation of the feed motion and the sinusoidal vibration. That is to say, the relative 
motion between the cutting tool and workpiece stays the same regardless of whether 
the vibration is applied to the tool or the workpiece. This allows the dynamic 
characteristics of the cutting system to remain unchanged in the current application. 
The adaption is made in order to make the model consistent with the following 
experimental study where the workpiece will be excited. The force model presented 
here will be used for explanation and correlation.  
 
An outline of the model is shown in Figure 5.1 where ∆ is the distance between the 
equilibrium position of the workpiece and the cutting tip of the tool; v is the feed rate 
of the tool; u0 describes the vibration motion of the workpiece; D is the elastic limit of 
the workpiece, i.e. the load at which the plastic deformation (cutting) starts when no 
ultrasonic vibration is applied; k0 is the stiffness of the workpiece (the elastic stiffness 
of the material prior to plastic deformation); and P is a constant force applied on the 
cutting tool, which drives the feed motion.  
 
Figure 5.1: A schematic diagram with vibrating cutting tool and workpiece 
Adapted from (Astashev, Babitsky 2007) 
 
The relative displacement between the cutting tool and workpiece is defined by  
tavttuvttu ωsin)()( 0 +=+=  
The nonlinear interaction force between the cutting tool and workpiece is determined 
by u(t) and the dynamic characteristics are shown as follows: 
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




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ωωω a
v
a
v
a
v
aum (Astashev, Babitsky 2007) 
This piecewise function is also illustrated in Figure 5.2. The nonlinear relationship 
between the interaction force and the relative displacement determines the actual 
force occurring due to the input periodic motion from workpiece. It can be seen that 
no force occurs when the relative displacement is within the clearance range ∆. The 
workpiece experiences elastic deformation when u is larger than ∆ and the load 
applied is still less than the elastic limit. Once the elastic limit is reached, plastic 
deformation commences and the tool starts cutting the workpiece. When the relative 
displacement starts decreasing from its maximum, the workpiece will go through 
another elastic deformation regime with the same elastic stiffness. The stiffness and 
elastic limit discussed here are not pure material properties but the effective 
(observed) values during the cutting process. They are dependent on the cutting 
condition parameters such as rotational speed and ultrasonic frequency. 
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Figure 5.2: Diagram shows nonlinear force between tool and workpiece 
Reproduced from (Astashev, Babitsky 2007) 
 
Some assumptions have to be noted here. The workpiece is assumed to be very short, 
i.e. the time in which an elastic wave propagates along it should be neglected 
compared with the period of loading. Only one cycle of the workpiece vibration is 
considered, i.e. the deformation regime can be considered as a steady state case. 
 
5.3 Numerical Modelling 
In the current thrust force model, some additional assumptions have to be made in 
order to simplify the scenario apart from those mentioned in 5.2. The motion of the 
drill is defined as comprising feed motion and pure sinusoidal vibration. The 
workpiece material is considered as ideal elastic-plastic deformable. All of the motion 
and forces are considered to be in the axial direction of the drill, with no other 
dimension considered. Only kinetic motion is considered for the drill and no dynamic 
effects are included. The geometry and rotation of the drill will be represented by the 
effective stiffness and elastic limit mentioned above. 
 
The numerical model was coded up in MATLAB7.5.0 (R2007b) based on the 
dynamic model and the piecewise function in 5.2. The principle of thrust force 
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reduction is studied and a full range simulation has been conducted in order to study 
the behaviour of the system. A relationship between force reduction and the operating 
parameters (feed rate, ultrasonic frequency and ultrasonic amplitude) is established.  
 
Consistently with the analytical model, only one cycle of the workpiece motion is 
considered here. The static constant force, P, is considered to be an average of the 
interaction force f in the cycle. The values used for stiffness and elastic limit here are 
generic values which are estimated from previous UAD applications at Loughborough 
University. In the numerical simulation, the cutting conditions are shown in Table 5.1. 
In the following simulation the predicted force reduction is evaluated by a ratio of P 
over D (P/D).  
Table 5.1: Generic cutting conditions for thrust force modelling 
Parameter Value 
Ultrasonic frequency 20 kHz 
Ultrasonic amplitude 20 µm 
Rotational speed 20000 rpm 
Elastic stiffness 3106 N/m 
Elastic limit 5 N 
 
For the feed rate simulations, feed rates evenly distributed in the range from 0 to the 
ultrasonic velocity (aω) were chosen. The thrust force ratio (P/D) against the speed 
ratio (v/aω) is plotted in Figure 5.3, and it can be seen that a low feed rate leads to a 
lower thrust force (lower P/D). When the feed rate increases and approaches the 
ultrasonic velocity, the thrust force increases towards that for the continuous cutting 
process. This is due to the fact that the tool and workpiece gets less and less 
separation within each cycle as the feed rate increases. Eventually the UAMD process 
will become a continuous drilling process when the feed rate is equal to the ultrasonic 
velocity (there is no separation between the drill and workpiece anymore).   
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Figure 5.3: Thrust force ratio (P/D) against speed ratio (v/aω) 
However, it should be noted that the model is only valid when v ≤ 0.25 aω, and the 
results are not accurate when v > 0.25 aω. This is because the definition for um in 
Equation (5.1) is only valid for one cycle of the motion when the sinusoidal vibration 
dominates the maximum displacement. um has a different relationship with the speed 
ratio when the feed rate is high enough, as shown in Figure 5.4.  This will be 
explained in more detail as part of the following high feed rate case study shown in 
Figure 5.8. 
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Figure 5.4: Maximum displacement against speed ratio (v/aω) 
Two cases with different feed rates are now studied in more detail in order to illustrate 
the different characteristics of the thrust forces. 
  
Low feed rate case 
For a feed rate of 0.1323 m/s (0.0526 aω), over one cycle simulation, the relative 
displacement between the drill and the workpiece, its relationship with nonlinear 
thrust force, and a time trace of the simulated thrust force are plotted in Figure 5.5 - 
Figure 5.7. It can be seen that um is dominated by the sinusoidal vibration, and the 
nonlinear dependence of the force on displacement is consistent with the analytical 
model (Figure 5.2). Moreover, in the time domain, the force only cuts the material 
when the elastic limit is reached, as shown in Figure 5.6 and Figure 5.7. With this 
principle, the continuous thrust force in conventional drilling processes is modified 
into an ‘impulse’ force with the same frequency as the ultrasonic vibration. Due to 
this force conversion, the effective force needed for cutting the material (P) has been 
reduced drastically from the conventional continuous force (D). 
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Figure 5.5: Relative displacement between tool and workpiece 
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Figure 5.6: Nonlinear relationship between thrust force and displacement 
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Figure 5.7: Nonlinear interaction force in time domain 
 
High feed rate case 
For a feed rate of 0.6283 m/s (0.25 aω), over the one cycle simulation, the relative 
displacement between the drill and the workpiece, its relationship with nonlinear 
thrust force, and a time trace of the simulated thrust force are plotted in Figure 5.8 - 
Figure 5.10. First of all, it can be seen from the trend in the time domain displacement 
data, that the displacement beyond Point A is about to exceed the maximum value at 
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Point B, which is calculated from the definition in Equation (5.1). This makes the 
definition of um invalid in high feed rate cases (v > 0.25 aω). A longer cutting phase 
can be seen in Figure 5.10 compared with the low feed rate case (Figure 5.7) due to 
the higher feed rate.  
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Figure 5.8: Relative displacement between tool and workpiece 
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Figure 5.9: Nonlinear interaction force between tool and workpiece 
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Figure 5.10: Nonlinear interaction force in time domain 
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5.4 Summary 
A numerical thrust force model has been developed considering the ultrasonic 
excitation parameters, feed rate, material properties and the nonlinearity of the 
UAMD process. Force reduction during the UAMD application is explained 
qualitatively with the model and a full range of feed rates have been simulated to 
study their effect on the force reduction. Limitations of the model have been studied. 
The force model is developed for implementation into the vibration model.  
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6 Experimental Study 
6.1 Introduction 
In the previous analyses, it is revealed that rotational speed and ultrasonic vibration 
have important influences on the micro drill’s performance. In this chapter, a test rig 
is specifically designed for UAMD with high speed rotation in order to study these 
two parameters and explore the machining process. The arrangement of the test rig is 
specifically designed to provide high rotational speed and constant feed motion to the 
micro drill bit, and ultrasonic vibration to the transducer – workpiece system. Thrust 
force data was collected from the experiment for investigation and correlation with 
the force model presented in Chapter 5. 
As mentioned in Chapters 1 and 2, one of the most important features in current micro 
drilling is high speed rotation. No thrust force reduction has been reported so far in 
high rotational speed applications. The current test rig is used to study the feasibility 
of the implementation of ultrasonic technology into the high speed drilling process, 
and investigate the force reduction in UAMD process.  
This chapter has seven sections. In Section 6.2, low speed UAD experiments are 
documented and lateral vibration of a 6 mm HSS drill is analysed and the effect of 
ultrasonic vibration is discussed. In Section 6.3 a UAMD test rig is designed and 
assembled, and characteristics of the high speed spindle system and transducer system 
are discussed. In Section 6.4 conventional micro drilling and high speed UAMD are 
discussed, along with the influences of key parameters such as ultrasonic frequency 
and rotational speed are analysed. Section 6.5 summarises the chapter. 
 
6.2 UAD with Low Rotational Speed 
6.2.1 Vibration Measurement 
Although UAD has shown substantial advantages in force reduction, roughness and 
roundness, there are still concerns about the bending stability and the effect of 
ultrasonic vibration on transverse vibration. The experiment aims to find the influence 
of ultrasonic vibration on the transverse vibration of the drill during the drilling 
process. In order to allow effective vibration measurement on the drill bit, a 
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conventional-sized drill was used rather than a micro drill in this stage. The results 
will assist understanding of the effects of ultrasonic vibration during micro drilling. 
 
The experiment was conducted on a Harrison M300 lathe in Loughborough 
University. The drill used was a 6 mm HSS-Cobalt drill (magnetized), and the 
workpiece material was an Aluminium sheet approximately 2 mm thick. In addition to 
the drive power from the lathe, the drill was also excited by a pre-existing ultrasonic 
transducer at a frequency of 19.1 kHz. The setup schematic is shown in Figure 6.1. 
Three rotational speeds (1200 rpm, 1700 rpm, and 2500 rpm) were used to examine 
the effect of rotation within a relatively low speed range. At each speed, drill vibration 
with and without ultrasonic vibration, were measured for comparison. 
Magnetic Sensor
Low Pass Filter
Picoscope
PC
Workpiece6mm DrillUltrasonic Transducer
Match box
Amplifier
Function Generator
Drilling
Vibration
 
Figure 6.1: Experimental setup for UAD at low speed 
A simple magnetic sensor was designed for non-contact vibration measurement based 
on Faraday’s Law (the law of electromagnetic induction). The vibration of a 
magnetized drill will induce currents in a conductive loop since it generates a varying 
magnetic flux. Nevertheless, the vibration reflected by the current is a resultant 
vibration composed of both longitudinal and bending vibration. A low-pass filter is 
used to remove the high frequency noise. The cut off frequency was set to 5 kHz in 
order to capture the lateral vibration. 
The setup of the magnetic sensor is shown in Figure 6.2. The main advantage is that it 
is non-contact so it can detect the vibration even after the drill has penetrated into the 
material (non-metallic). It also has no rigorous requirement on the size of drill to be 
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measured, whereas for a laser vibrometer, vibration on a micro drill is very difficult to 
measure as there is not enough area to reflect a strong signal (nor sufficient place to 
attach a piece of reflective strip). Using a uniform rod steel, the magnetic sensor was 
validated using a laser vibrometer qualitatively. It has been observed that the vibration 
measured with the magnetic sensor was proportional to the magnitude of the lateral 
vibration measured via a laser vibrometer. In this experiment, the measured vibration 
data were not calibrated and therefore were referred to as ‘relative lateral vibration’ 
with an arbitrary unit. 
 
Figure 6.2: The UA transducer-drill system and the magnetic sensor 
 
6.2.2 Results and Discussion 
A time history of lateral vibration during CD and UAD is shown in Figure 6.3. It can 
be seen that when CD started, the lateral vibration increased due to the skidding 
motion of the drill and the thrust force. After penetrating into the material, drilling 
became ‘stable’ and lateral vibration reduced considerably. After drilling the hole, 
lateral vibration stayed high for some time due to rubbing between the drill and the 
hole. When the drill was retracted, the vibration returned to a low level again. When 
UA was on, lateral vibration increased due to resonance (longitudinal resonance can 
also induce lateral vibration). It is interesting to note that after UAD started, the lateral 
Metal coil 
Transducer-Drill system 
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vibration was dramatically reduced (lower than the vibration level during ‘stable’ 
CD). The vibration reduction vanished when UAD was finished and when UA was 
turned off, lateral vibration returned to the normal level again. During this process, the 
rotational speed of the drill was 1700 rpm. 
 
Figure 6.3: A time history of lateral vibration during CD and UAD 
 
Frequency spectra for the lateral vibration at various rotational speeds are shown in 
Figure 6.4 - Figure 6.6. Only frequency components up to 250 Hz were analysed in 
the spectrum as low frequency lateral vibration is the focus in this experiment. In each 
figure it can be seen that there were basically two frequencies with outstanding 
amplitudes. The most dominant one was the rotational frequency (21.21 Hz, 30.32 Hz 
and 43.43 Hz), and the second one was around 200 Hz, which is a lateral natural 
frequency of the drill. It should be noted that the theoretical rotational frequencies are 
20 Hz (1200 rpm), 28.33 Hz (1700 rpm) and 41.67 Hz (2500 rpm). The discrepancies 
between these values and the measured frequencies are due to the tolerance of the 
relatively old lathe. 
In the figures, the dominant peaks were all identified, and frequency was labelled as 
‘X’ and relative lateral vibration magnitude was labelled as ‘Y’. As shown in Figure 
6.4, the amplitude of the dominant frequency (21.21 Hz) reduced from 23.14 to 19.23 
(arbitrary unit) with ultrasonic vibration when the rotational speed was 1200 rpm. 
Similar reductions can be seen in Figure 6.5 and Figure 6.6, i.e. the amplitude of the 
dominant frequency component reduced from 27.63 to 26.94 and from 38.84 to 30.76 
(arbitrary unit) at 1700 rpm and 2500 rpm, respectively.  
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(b) UAD 
Figure 6.4: Frequency spectrum of vibration at 1200 rpm 
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(a)  CD 
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(b) UAD 
Figure 6.5: Frequency spectrum of vibration at 1700 rpm 
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(b) UAD 
Figure 6.6: Frequency spectrum of vibration at 2500 rpm 
Overall, the experiment indicates that ultrasonic vibration reduced the lateral vibration 
in current drilling conditions. This reduction was quite pronounced at the vibration 
amplitudes of the rotational frequencies. At 1200 rpm, 1700 rpm and 2500 rpm, the 
reductions were 16.9 %, 2.5 % and 20.8 % respectively. 
 
6.2.3 Limitations of the Experiment 
The quality of the holes were not as good as expected, which indicates that the 
ultrasonic vibration was not working so well. This could be caused by the utilization 
of an improper exciting frequency. The ultrasonic frequency used was 19.1 kHz as it 
stimulated a strong longitudinal resonance in the frequency sweep test prior to 
drilling. It is possible that this frequency is not the optimised one with the most 
beneficial mode. The effect of rotational speed is not obvious in this experiment as 
they are relatively low and close to each other.  
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6.3 High Rotational Speed Test Rig Design 
In order to build up the test rig, a high speed drilling system was newly developed 
with the implementation of a commercial air bearing spindle. This type of spindle is 
commonly employed in the PCB manufacturing industry and thus considered to be 
representative in terms of the high rotational speed. On the other hand, a transducer-
workpiece system, which includes an ultrasonic signal generator, a transducer and a 
workpiece holding system, was assembled. The ultrasonic signal generator and 
amplifier both existed from previous research work in Loughborough University. The 
transducer and workpiece holding system were specifically developed for this UAMD 
experimental study on PCB specimens.  
6.3.1 High Speed Air Spindle System 
In order to meet the challenge of productivity and demands of high reliability, air 
bearings have been introduced into the machining industry. In air spindles, the 
clearances between bearings and shafts are very small (about 20 µm). In the spindle 
system used, hydrodynamic bearings are employed.  
 
Advantages of air bearings for micro drilling 
The relationship between the Dynamic Runout (DRO) and shaft speed for the spindle 
used is shown in Figure 6.7. It can be observed that, for this D1787 spindle after 
passing a resonance at around 90,000 rpm, the DRO dropped to as low a level as that 
below the critical speed (Westwind Air Bearings 2007). The spindle will reach 
another resonance after 200,000 rpm. In practice, the spindle can be run safely even at 
a speed associated with resonance as the spindle system is a very highly damped 
system, and there will rarely be any hazardous resonances in the spindle system. 
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Figure 6.7: D1787 PCB spindle dynamic runout against shaft speed  
Reproduced from (Westwind Air Bearings 2007) 
The frictional resistance in an air bearing system is very small and this allows the 
shaft to be run at very high speeds with low vibration. In some spindles the higher 
rotational speeds will result in increased bearing stiffness caused by the properties of 
aerodynamics. Air bearing life is dramatically longer than conventional bearings due 
to there being no mechanical contact between bearings and rotors and the absence of 
oil and water. Moreover, there is a constant air purge at the end of air bearings during 
operation forming a natural barrier to the ingress of external contaminants such as 
chips. This also prolongs the lives of the bearings (Westwind Air Bearings 2007). 
 
Figure 6.8: An Excellon® ABW 110™ spindle 
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An Excellon® ABW 110™ spindle (functionally equivalent to the D1331 from 
Westwind Air Bearings) was employed in the experiments. Its maximum rotational 
speed was 110,000 rpm and a photograph of it is shown in Figure 6.8. A 21.46.1 Sieb 
& Meyer frequency converter is employed to control the spindle. The output 
frequency ranges from 0 to 2 kHz approximately, which allows the spindle to run in 
the range of 0 - 120,000 rpm. However, for the protection of the hydrodynamic air 
bearings, any rotational speed lower than 10,000 rpm is not recommended. This is due 
to the fact that hydrodynamic air bearings have relatively poor performance at low 
rotational speeds. 
6.3.2 Transducer-Workpiece System 
A longitudinal ultrasonic transducer was employed to supply the workpiece with high 
frequency excitation. A schematic picture of the transducer is shown in Figure 6.9. 
Piezoelectric Transducer (PZT)-8 rings are used in the transducer to generate 
ultrasonic vibration.  
 
Figure 6.9: A schematic of the ultrasonic transducer with the piezo ceramic rings 
 
Including the transducer housing, power supply and workpiece holder, the layout of 
transducer-workpiece system is shown in Figure 6.10. 
Piezo ceramic ring 
Concentrator stage 1 
Ultrasonic vibration 
Concentrator stage 2 
  
  
  
 
134 
 
 
Figure 6.10: Arrangement of transducer-workpiece system for UAMD 
In order to study the frequency characteristics of the transducer-workpiece system, 
frequency sweeps were conducted. A Polytech laser vibrometer (OFV512) was used 
to measure the longitudinal velocity of the transducer-workpiece system in the 
experiments. Reflective strips were used to provide a sufficient signal for the 
vibrometer as shown in Figure 6.11. From a frequency sweep (upward) in the range of 
10 - 60 kHz, the resonances identified are listed in Table 6.1. The five pronounced 
resonances will be utilized for UAMD in the following experiments to examine the 
influence of different excitation frequencies. The sweep was done at the slowest 
possible rate (262 Hz/s) with the available facilities and with previous steady state 
tests it was found that the process represented sufficiently true steady state 
information. A sweep downward was also conducted and the results were found to be 
consistent. 
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Figure 6.11: Setup for measuring vibration of the transducer-workpiece system 
Table 6.1: Resonances identified for the transducer-workpiece system 
Resonance Frequency (kHz) Amplitude (µm) 
1 10.1 20.3909 
2 12.5 30.1606 
3 19.0 11.4316 
4 25.9 7.4302 
5 34.9 5.0949 
 
Frequency sweeping results with workpiece and without workpiece are compared and 
it is found that the workpiece has only an insignificant effect on the frequency 
response of the transducer-workpiece system, i.e. a change of workpieces in further 
experiments will not modify the dynamics of the system greatly. This is also expected 
due to the small dimensions and mass of the specimen.  
Nevertheless, it should be noted that the contact between cutting tool and workpieces 
will modify the frequency characteristics of both the spindle - tool system and 
transducer - workpiece system. Ideally there should be an autoresonant control system 
to maintain the resonance and maximise the vibration between the workpiece and the 
Reflective strip 
Ultrasonic Transducer 
Workpiece 
Sensor head of vibrometer 
  
  
  
 
136 
 
drill at all times during drilling. As explained before, that type of control system is 
still under development and is not included in the current study.  
Workpieces were cut into squares roughly (13 mm x 13 mm) and clamped in a small 
collet, which was attached to the transducer, as shown in Figure 6.11. The system is 
designed to provide the workpiece with longitudinal high frequency excitation via the 
ultrasonic transducer.  
 
6.3.3 Test Rig Design for UAMD 
Spindle arrangement and rotational speed reading 
The spindle was mounted on the lathe with two circular pieces of resin. Two studs 
were used to fix the pieces vertically in a gentle way. Particular attention must be 
taken to mount it due to the small clearance between shaft and air bearings. A Kistler 
dynamometer was mounted underneath the spindle in order to measure the thrust 
force during drilling. The arrangement of the spindle is shown in Figure 6.12. A 
tachometer integrated on the spindle was used to measure the rotational speed. The 
spindle was run for a sufficient amount of time until a steady state was reached for 
every rotational speed. The rotational speed signal was filtered and displayed on a 
meter to assist the experiments. 
 
Figure 6.12: Spindle system arrangement for the UAMD test rig 
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Drilling experiments organisation 
The signal path for the drilling experiments is shown in Figure 6.13. A high frequency 
sinusoidal signal was generated in the function generator and then amplified before 
going into the match box to provide the piezoelectric ceramic rings with a high 
frequency/high voltage signal. The workpiece will be tuned to vibrate at resonance, as 
it is believed that this provides the largest vibration amplitude to the workpiece which 
will maximise the influence on the drilling mechanism. The thrust force during 
drilling was measured using the Kistler dynamometer and amplified. The signal was 
collected by a Picoscope (a type of digital oscilloscope which can capture data and 
conduct preliminary analysis) and saved in a PC. A photograph of the UAMD system 
setup is shown in Figure 6.14. 
Air Spindle
Kistler Dynamometer
Charge Amplifier
Picoscope
PC
Micro DrillWorkpieceUltrasonic 
Transducer
Match box
Amplifier
Function generator
Drilling Force
Frequency Converter
 
Figure 6.13: Signal path of the UAMD experiment 
 
Figure 6.14: UAMD system setup 
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6.4 UAMD with High Rotational Speed 
Combining the longitudinal excitation provided by the transducer-workpiece system 
and high rotational speed of the spindle, several key parameters were investigated 
during the drilling experiments via examination of the resulting thrust forces.  
6.4.1 Dynamometer Calibration 
Prior to the drilling experiments, the Kistler dynamometer needs to be calibrated for 
the purpose of valid force measurement. The range of calibration should cover the 
thrust forces occurring during conventional drilling. 
 
The dynamometer was calibrated to provide valid force readings. However, due to a 
considerable baseline drift in the charge amplifier connected to the dynamometer, 
each force measurement could have a different baseline. This makes the calibration 
relative in terms of force reading, as there will not be a direct relationship between 
voltage values and force values. Within a short period of time (during which the drift 
can be neglected) eight different forces were applied to the dynamometer with a 
compressed spring. The spring was then calibrated using a set of standard weights in 
order to construct a relationship between its length and force applied. Eventually, as 
shown in Figure 6.15, eight sample points of dynamometer output voltage and force 
were plotted and a linear fitting was conducted (based on the ‘least squares theory’) in 
order to obtain a straight line (y=0.0470x+2.4467) for the relationship. Only the slope 
0.0470 is used in the following conversion from mV to Newton with a ‘known’ zero 
force baseline in each series of force measurements prior to drill/workpiece contact. 
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Figure 6.15: Calibration of the Kistler dynamometer 
 
6.4.2 Conventional Micro Drilling 
Conventional micro drilling is used here as a baseline to study the relative 
performance of UAMD. The effect of rotational speed on thrust force is discussed in 
the absence of ultrasonic vibration. 
 
Standard Φ1 mm PCB drills were used in all the drilling experiments. As, normally, a 
micro drill has a life of a few thousand hits, drill wear accumulation during these 
drilling cases was not considered in this study. Workpieces used here were 13 mm x 
13 mm square and 1.6 mm thick. They were all double-sided, 1 oz, copper clad, glass 
reinforced epoxy PCB laminate.  
 
The feed rate employed was 0.202 m/min for all experiments. It is still lower than 
those being used in the PCB industry, but much more realistic compared with those 
used in previous experiments reviewed in Chapter 2. It was kept constant in order to 
allow for the investigation of other parameters. Practically, there is a great drive to 
maximise feed rate in industry, due to the pursuit of higher productivity. Retraction 
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rates are normally specified for different drills in industry in order to obtain a better 
hole finish. However, due to the limitations of the facilities, the influence of this is 
considered to be insignificant and drills are retracted in a relatively fast way manually 
during all experiments. Spindle speeds of 20 krpm, 40 krpm, 60 krpm, 80 krpm and 
100 krpm were used. 
 
The signal path for force measurement can be seen in Figure 6.13, but with no drive to 
the ultrasonic transducer. The force data was sampled at a rate of 500 Hz. The 
unprocessed thrust force data for conventional drilling at 20 krpm is shown in Figure 
6.16, and it can be seen there is some high frequency noise due to electronic 
interference. This was treated using a low pass filter when processing the data in 
MATLAB7.5.0 (R2007b). The low pass filter conducted a moving average process 
(window size = 10 samples) to all the data. Then the data was calibrated to SI unit 
according to the ‘known’ zero level (when there is no contact between drill and 
workpiece) and the relationship established in the calibration section. The filtered and 
calibrated data for conventional drilling at 20 krpm is shown in Figure 6.17. A small 
spike (‘A’ in Figure 6.17) occurred prior to penetrating into the workpiece because the 
feed was switched on. At 1.6 s, the drill contacted the workpiece and the thrust force 
increased sharply. After reaching the maximum, the thrust force saw significant 
fluctuations due to the different material properties in different layers of the board. 
Eventually the force returned to zero after penetrating through the material. Another 
spike (‘B’ in Figure 6.17) in the opposite direction was caused by the ‘switch off’ of 
the feed. 
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Figure 6.16: Unprocessed thrust force in conventional drilling (20 krpm) 
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Figure 6.17: Filtered and calibrated thrust force in conventional drilling (20 krpm) 
 
Effect of rotational speeds on thrust forces  
The thrust forces during drilling were measured at different rotational speeds. The 
results are shown in Figure 6.18 (a) - (d). It has to be noted that, as the experiments 
are conducted manually, the starting times of drilling are different in each drilling 
case. This will not influence the force measurement.  
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(a) Thrust force in conventional drilling (40 krpm) 
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(b) Thrust force in conventional drilling (60 krpm) 
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(c) Thrust force in conventional drilling (80 krpm) 
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(d) Thrust force in conventional drilling (100 krpm) 
Figure 6.18: Thrust forces at different rotational speeds in conventional drilling 
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Thrust forces during drilling were measured and saved in each case with different 
rotational speeds. With rotational speed increasing and the feed rate constant in terms 
of m/min, the feed per revolution during drilling will be reduced. This is expected to 
lead to thrust force reduction as the chip load is reduced.  
 
To evaluate the effective thrust forces for the different cases, the thrust forces during 
stable drilling were analysed. Here stable drilling covers the period from the moment 
the drill penetrates into the workpiece to the moment it exits, as shown in Figure 6.19. 
Only the force data during stable drilling is employed in the analysis. 
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Figure 6.19: Stable drilling thrust forces in conventional drilling at 20,000 rpm 
The average thrust forces with the standard deviations, maximum thrust forces during 
stable drilling against rotational speeds are plotted in Figure 6.20. The standard 
deviations of the thrust force are plotted as vertical bars across the corresponding 
average forces. It can be seen that the thrust force reduces significantly with 
increasing rotational speed. The average thrust force at 20,000 rpm was 4.13N but it 
reduced to 2.12 N at 100,000 rpm. During this process, there was a sharp drop in the 
force from 20,000 rpm to 40,000 rpm, but a gradual reduction from 40,000 rpm to 
100,000 rpm. As mentioned in the beginning of the section, this reduction is mainly 
contributed to by the reduced chip load when feed rate is kept constant in terms of 
m/min. 
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Figure 6.20: Force results against rotational speed during stable drilling 
It can also be seen that the maximum thrust force reduced from 5.63 N to 4.18 N 
when the rotational speed increases from 20,000 rpm to 40,000 rpm. After 40,000 rpm 
the maximum thrust force almost levels off. This suggests that the maximum thrust 
force is not very sensitive to higher rotational speeds in the current parametric space. 
Generally, the standard deviation reduces with increasing rotational speed, despite a 
small fluctuation at around 60,000 rpm.  
 
6.4.3 UAMD Experiment 
All of the drilling experiments were conducted at a steady rotational speed and a feed 
rate of 0.202 m/min. The transducer-workpiece system is tuned to resonance each 
time prior to drilling. Thrust forces are measured and filtered in the same way as in 
the conventional experiments. Here, mainly effects of rotational speed and resonance 
frequency are examined.  
A strong resonance of the transducer-workpiece system leads to pronounced force 
reduction in UAMD according to empirical knowledge obtained from previous UAD 
experiments at Loughborough University. Resonances found in the frequency sweep 
test described in 6.3.2 were employed, and at each resonance different rotational 
speeds were used in drilling. A new specimen was used for each case.  
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For conventional drilling, taking account of the drill diameter and workpiece 
materials, usually a particular spindle speed is recommended by the drill 
manufacturer. Smaller drills normally require a higher spindle speed. This is to protect 
the drill as chip load during drilling can be reduced by high rotational speed. 
However, this recommended speed may not apply to UAMD as the cutting 
mechanism has been fundamentally modified. The experimental study here allows an 
‘optimised’ spindle speed in UAMD to be sought. 
 
6.4.4 Discussion  
1st resonance - 10.1 kHz 
At the 1st resonance (10.1 kHz), thrust forces at different rotational speeds are in 
evidence, as shown in Figure 6.21 (a) - (e). It can be seen that the force time histories 
follow similar trends but with quite different magnitudes. 
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(a) 20 krpm (b) 40 krpm 
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(c) 60 krpm (d) 80 krpm 
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(e) 100 krpm 
Figure 6.21: Thrust force time histories at different rotational speeds at 10.1 kHz 
resonance  
The average, maximum and standard deviation of thrust force against rotational speed 
are plotted in Figure 6.22. The standard deviations of the thrust force are plotted as 
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vertical bars across the corresponding average forces. It can be seen that, overall, they 
decrease considerably with increasing rotational speed despite the small fluctuation at 
high rotational speeds. Average thrust force dropped from 4 N at 20 krpm to 1.7 N at 
80 krpm while maximum thrust force reduced from 7.2 N to 3.1 N. The standard 
deviation of the stable force also reduced with increasing rotational speed. 
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Figure 6.22: Force results against rotational speed at 10.1 kHz resonance  
 
2nd resonance - 12.5KHz 
At the 2nd resonance (12.5 kHz), thrust force time histories at different rotational 
speeds are plotted in Figure 6.23 (a) - (e).  
The average, maximum and standard deviation of thrust force still follow similar 
trends as the previous case, as shown in Figure 6.24. The standard deviations of the 
thrust force are plotted as vertical bars across the corresponding average forces. 
Average thrust force fell from 3.79 N at 20 krpm to 1.48 N at 100 krpm. Maximum 
thrust force fell from 6.63 N at 20 krpm to 3.63 N at 100 krpm. As in the 1st resonance 
case, the standard deviation of the thrust force dropped from 0.83 N at 20 krpm to 
0.41 N at 80 krpm and then rose slightly to 0.42 N at 100 krpm. 
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(a) 20 krpm (b) 40 krpm 
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(c) 60 krpm (d) 80 krpm 
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(e) 100 krpm 
Figure 6.23: Thrust force time histories at different rotational speeds at 12.5 kHz 
resonance  
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Figure 6.24: Force results against rotational speed at 12.5 kHz resonance 
  
3rd resonance - 19.1kHz 
At the 3rd resonance (19.1 kHz), force time histories at different rotational speeds are 
shown in Figure 6.25 (a) - (e).  
The average, maximum and standard deviation of thrust force still see an obvious 
reduction with increasing rotational speed, as shown in Figure 6.26, where the 
standard deviations of the thrust force are plotted as vertical bars across the 
corresponding average forces. The average thrust force dropped from 2.83 N at 20 
krpm to 0.79 N at 100 krpm when maximum thrust force dropped from 4.25 N to 1.81 
N. The standard deviation follows the reducing trend generally, despite the slight 
increase from 20 krpm to 40 krpm. 
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(a) 20 krpm (b) 40 krpm 
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(c) 60 krpm (d) 80 krpm 
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(e) 100 krpm 
Figure 6.25: Thrust force time histories at different rotational speeds at 19.1 kHz 
resonance  
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Figure 6.26: Force results against rotational speed at 19.1 kHz resonance  
 
 
4th resonance - 25.9kHz 
At the 4th resonance (25.9 kHz), as shown in Figure 6.27, strong noise were seen at 
all speeds and generally increased with speed.  
The force results (as shown in Figure 6.28) are similar as previous cases, i.e. average 
thrust force, maximum thrust force and standard deviation all reduced with increasing 
rotational speed, but with slight fluctuations. The standard deviations of the thrust 
force are plotted as vertical bars across the corresponding average forces.  
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(a) 20 krpm (b) 40 krpm 
0 0.2 0.4 0.6 0.8
-5
0
5
10
Time (s)
Th
ru
st
 
Fo
rc
e 
(N
)
 
0 0.2 0.4 0.6 0.8
-5
0
5
10
Time (s)
Th
ru
st
 
Fo
rc
e 
(N
)
 
(c) 60 krpm (d) 80 krpm 
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(e) 100 krpm 
Figure 6.27: Thrust force time histories at different rotational speeds at 25.9 kHz 
resonance  
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Figure 6.28: Force results against rotational speed at 25.9 kHz resonance  
 
5th resonance - 34.9 kHz 
At the 5th resonance (34.9 kHz), time traces for the thrust force are shown in Figure 
6.29 (a) - (e).  
Similarly as previous cases, the thrust force results are plotted in Figure 6.30. Average 
thrust force, maximum thrust force and standard deviation all saw an increase at 60 
krpm. This may be because the resonance at 34.9 kHz is very easy to be disturbed by 
high rotational speeds. The workpiece will lose its vibration amplitude if the 
resonance is disturbed. The thrust force will increase towards that for CD when there 
is insufficient workpiece vibration.  
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(a) 20 krpm (b) 40 krpm 
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(c) 60 krpm (d) 80 krpm 
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(e) 100 krpm 
Figure 6.29: Thrust force time histories at different rotational speeds at 34.9 kHz 
resonance  
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Figure 6.30: Force results against rotational speed at 34.9 kHz resonance  
 
For all the resonance cases, average thrust forces against rotational speed are plotted 
together for comparison in Figure 6.31. It can be seen that high rotational speed not 
only reduces thrust force in conventional drilling, but also has a similar effect in 
UAMD. Higher rotational speed reduces the distance the drill feeds into the 
workpiece per revolution, and this will reduce chip load and the resistance of the 
workpiece effectively. However, this trend varies with different resonances, as can be 
seen from the figure. Generally, average thrust forces at all resonances are seen to be 
smaller than those in conventional drilling. The average thrust force reduces with 
increasing rotational frequency, but shows irregular trends at the 34.9 kHz resonance. 
This suggests that the resonance is not robust enough at higher rotational speeds and 
to nonlinear interaction with the micro drill.  
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Figure 6.31: Average thrust forces at different resonances against rotational speed 
 
It can also be seen from Figure 6.31 that, the ‘best’ resonance frequency (the 
frequency leading to the smallest thrust force) varies between the different rotational 
speeds. Comparing the force in conventional drilling and that under the ‘best’ 
resonance frequency, the absolute value of maximum force reduction against 
rotational speed is plotted in Figure 6.32. The value reduces from 2.2 N at 20 krpm to 
about 1 N when the speed is 60 krpm.  
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Figure 6.32: Absolute maximum force reduction against rotational speed 
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6.4.5 Hole Quality Inspection 
Selected samples during the drilling experiments are presented here in order to 
illustrate the differences in hole quality between the different cases. Conventional 
drilling hole finishes are shown in Figure 6.33 - Figure 6.35. UAMD hole finishes are 
shown in Figure 6.37 - Figure 6.39. Generally speaking, the hole quality for UAMD 
experiments is better than for conventional drilling by visual inspection. In particular, 
conventional drilling at 100 krpm leads to much worse hole quality compared with 
that at 80 krpm. Nevertheless, at 80 krpm, the base material was still attached to the 
PCB, which suggests that too much unnecessary plastic deformation occurred.  
 
Figure 6.33: Hole finish in conventional drilling at 80 krpm (Sample 29, top face) 
 
Figure 6.34: Hole finish in conventional drilling at 80 krpm (Sample 29, bottom face) 
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Figure 6.35: Hole finish in conventional drilling at 100 krpm (Sample 28 – top face)  
 
 
Figure 6.36:  Hole finish in UAMD (12.9 kHz) at 20 krpm (Sample 22 – top face)  
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Figure 6.37: Hole finish in UAMD (12.9 kHz) at 40 krpm (Sample 21 – top face)  
 
Figure 6.38: Hole finish in UAMD (34.9 kHz) at 60 krpm (Sample 15 – top face) 
 
Figure 6.39: Hole finish in UAMD (34.9 kHz) at 80 krpm (Sample 16 – top face) 
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6.5 Summary 
The chapter discusses experimental studies on UAD and UAMD. The effects of 
ultrasonic vibration on lateral vibration in UAD and thrust force in UAMD were 
investigated. A UAMD test rig system was designed using an air bearing spindle and 
a transducer-workpiece ultrasonically assisted system. Conventional micro drilling 
and UAMD experiments with a Φ1 mm standard micro drill were conducted and the 
thrust force results were investigated. The relationships between thrust force and 
rotational speed for all of the resonance cases were discussed. Finally, hole finish 
quality from conventional drilling and UAMD were compared by visual inspection.  
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7 Thrust Force Correlation Study 
7.1 Introduction 
UAMD experiments for various operating conditions have been described in Chapter 
6. Different levels of force reduction were found for different ultrasonic excitation 
frequencies and ultrasonic amplitudes. In order to investigate the drilling process 
more thoroughly and examine the limitations of the force model presented in Chapter 
5, a correlation study between the force model and the experimental results is 
presented in this chapter. 
The chapter consists of four main sections. Section 7.2 introduces the simulation 
parameters and illustrates the force simulation results for each experimental case. 
Section 7.3 studies the correlation between the simulation results and experimental 
results, and discrepancies between these results are identified and explained. Section 
7.4 summarizes the whole chapter.   
 
7.2 Case Study with Experimental Parameters 
In this section, force characteristics and time traces are simulated using the operating 
parameters from the experiments. As in the UAMD experiments, 5 cases are 
considered and the parameters are listed in Table 7.1. 
Table 7.1: Simulation parameters for correlation study 
Case Frequency (kHz) Amplitude (µm) v/aω 
1 10.1 20.3909 0.2843 
2 12.5 30.1606 0.2787 
3 19.0 11.4316 0.2932 
4 25.9 7.4302 0.3008 
5 34.9 5.0949 0.3079 
  
All other parameters in the model are kept constant during these simulations. To be 
consistent with the experiments, the feed rate was 0.202 m/min, while the rotational 
speed was 20 krpm for all cases. An indentation test on a PCB sample was performed 
at Loughborough University, and based on this the elastic stiffness (k0) was estimated 
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to be 3106 N/m. The elastic limit (D) used was 4.13 N. It should be noted that 4.13 
N was the average force recorded during the stable drilling stage in the conventional 
drilling experiments when the rotational speed was 20 krpm. Here it is assumed that 
the conventional drilling process is an ideal continuous cutting process and the 
average force equals the elastic limit of the material in these specific cutting 
conditions.   
In Figure 7.1 - Figure 7.5, it can be seen that the force behaviour is quite sensitive to 
the variation of the ultrasonic parameters from case to case. The detailed influence on 
force reduction will be discussed in the next section. 
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(b) Force vs. Time 
Figure 7.1: Thrust force results for Case 1 (10.1 kHz) 
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(b) Force vs. Time 
Figure 7.2: Thrust force results for Case 2 (12.5 kHz) 
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Figure 7.3: Thrust force results for Case 3 (19.0 kHz) 
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(b) Force vs. Time 
Figure 7.4: Thrust force results for Case 4 (25.9 kHz) 
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(b) Force vs. Time 
Figure 7.5: Thrust force results for Case 5 (34.9 kHz) 
 
7.3 Correlation Study on Force Reduction 
The average thrust force results from the experiments are compared with those from 
the model. The average thrust force during stable drilling stage in each UAMD case 
listed in Table 7.1 is considered as P to calculate the force ratio for the experiments. 
As mentioned in 7.2, 4.13 N is considered as D for all cases. 
Force ratios for the 5 cases from both experiment and simulation are plotted in Figure 
7.6. First of all, it can be seen that v/aω in all of the cases was well below 0.25, thus 
the model is considered valid for um calculation. However, a large discrepancy can be 
seen between the experimental results and simulation results. An average force ratio 
of 0.2930 is seen for the simulation result whereas 0.7455 is seen for the average 
force ratio for the experimental results. Apparently, the experimental thrust force 
reductions are much less than those predicted by the current nonlinear force model. 
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Figure 7.6: Force ratios from experiment and simulation against v/aω 
This discrepancy could be due to the following limitations of the thrust force model: 
• 3D cutting effects during drilling are not included in the thrust force 
modelling, i.e. the current thrust force model is a simplified 1 dimensional 
model; 
• 3D geometric characteristics of the drill are not included in the force 
modelling. The drill is simplified as one node and only the kinetic motion is 
considered currently; 
• The ultrasonic amplitude used for each case in simulation is measured when 
the transducer – workpiece system is idling, i.e. no thrust load was applied to 
the workpiece. The resonance amplitude could be modified considerably when 
drilling actually occurred. Once the resonance is modified, the workpiece 
vibration amplitude will be reduced drastically, which leads to a thrust force 
increase; 
• Elastic stiffness and elastic limit are both assumed as some generic values and 
constant for all cases, however, they are expected to be dependent on 
operating parameters; 
• Damping is not considered in the force model. 
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7.4 Summary 
A correlation study has been conducted between thrust force measurements and 
simulations from a nonlinear model. It can be concluded that the current 1 
dimensional model is not sufficient to fully describe the complete behaviour of the 
drill and therefore cannot accurately predict the force. More factors therefore need to 
be considered in the thrust force modelling to allow accurate prediction of thrust force 
during UAMD. 
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8 Conclusion 
This thesis introduced the UAMD technique and studied the modelling approaches for 
both the drill bit and the force occurring. Experiments were also conducted to 
investigate the operating parameters and validate the simulation. The conclusions are 
listed as follows in association with the aims of research articulated in 1.2.1.  
 
1. The work has shown the drill shank contributes to higher vibration modes and 
thus it should be included in micro drill modelling. The 1st bending modes in both 
transverse directions of the whole drill model and flute model have very close 
frequencies. Nevertheless, neglecting the shank will ‘lose’ a bending mode for the 
whole drill in each lateral direction for the presented Φ0.3 mm micro drill model. 
In the UAD application, these modes could be excited by high frequency vibration 
and an over-simplified model may lead to unrealistic results. The presented hybrid 
model allows efficient FE modelling of the whole drill even with relatively 
complex geometry. 
2. For a Φ1 mm drill, a 2DOF vibration model was built considering rotational 
effects and the parametric excitation from ultrasonic vibration. It was found that 
the system became unstable at parametric resonant frequencies when the 
ultrasonic amplitude exceeded a certain threshold, however the parametric 
resonances induced by ultrasonic vibration tend to be stabilized by high rotational 
speed.  
3. Coriolis forces were predicted to introduce rotational frequency dependent 
modulation to the vibration in both coordinates. Their effects should therefore be 
included as standard practice for UAMD vibration modelling due to the impact 
they have on stability at high rotational speeds. 
4. A modelling strategy for combining FE analysis and analytical formulation is used 
for the 2DOF model. The two fundamental modes from a FE model of the Φ1 mm 
micro drill are used as an input to the vibration model to represent the asymmetric 
geometry of the drill bit. This strategy can be developed for further analysis with 
more DOFs and modes. 
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5. With the nonlinear force model, the thrust force is found to be quite sensitive to 
ultrasonic frequency, ultrasonic amplitude and feed rate of the cutting tool. A low 
velocity ratio (v/aω) leads to lower thrust force.   
6. A high speed UAMD test rig system was established. With the same Φ1 mm 
micro drill as modelled in Chapter 4, conventional micro drilling and UAMD 
were conducted with various parameters. Overall, average thrust forces at all 
resonances are reduced compared with those in conventional drilling. The force 
reduction sees a drop at higher rotational speeds. 
7. The thrust forces are found to reduce with increasing rotational speed in both 
conventional drilling and resonance cases. As the feed rate is constant in terms of 
m/min, the feed per revolution during drilling will be reduced when rotational 
speed increases. This will lead to thrust force reduction as the chip load has been 
reduced. Rotational speed therefore has a considerable contribution to thrust force 
reduction during the drilling process, which prevents the micro drill from buckling 
by restraining chip load. Therefore, apart from increasing productivity, rotational 
speed can benefit the bending stability of the drill in UAMD, however, as seen in 
6 a higher rotational speed may lead to less force reduction. 
8. A correlation study has been conducted between the thrust force measurements 
and simulations from a nonlinear model. It can be concluded that the current one-
dimensional model is not sufficient to describe the complete behaviour of the drill. 
More factors need to be considered in the thrust force modelling for accurate 
prediction of thrust force during UAMD. 
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9 Recommendations for Further Work 
• For the 2DOF model, more factors such as complex geometry characteristics and 
nonlinear contact force excitation require further consideration in the future. More 
vibration characteristics can be identified when the model is more adequate. For 
FE modelling, more realistic boundary conditions and loads can lead to a more 
informative model.  
• For the transverse vibration model, higher modes should be considered in the 
future to include their effects on stability and parametrically excited vibration.  
• Currently, the vibration model for a rotating drill bit is built up but no 
experimental validation has been conducted due to the difficulty in measuring drill 
bit vibration from UAMD process. Vibration tests for micro drills should be 
designed and vibration measurement techniques on micro drills should be 
improved. The current model and its boundary condition should be improved with 
the correlation to the measurement data. 
• Although the nonlinear force model presented in this work can be used for further 
understanding of the vibro-impact process and to illustrate the UAMD principle, it 
cannot characterize the complete UAMD system. The force model should be 
developed to include more considerations for accurate prediction of thrust forces 
against experimental study. 
• As for experimental study, more feed rates, different types of drills and PCBs can 
be tested. Higher rotational speed is important and requires further tests for 
investigation on UAMD. Some experimental results were not very stable or 
repeatable in the current work, and the experimental techniques should be 
developed in order to improve this.   
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